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❯♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ ❡st ❝♦♠♣♦sé ❞❡ ♣❧❛♥été✲
s✐♠❛✉①✱ r❡st❡s ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ s②stè♠❡ ♣❧❛♥ét❛✐r❡ s❡❧♦♥ ❧❛ t❤é♦r✐❡ ✓ ❝♦r❡✲❛❝❝r❡t✐♦♥ ✔✳ ❉❛♥s
❧❡ s②stè♠❡ s♦❧❛✐r❡✱ ✐❧ s✬❛❣✐t ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞✬❛stér♦ï❞❡s ❡t ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r✳ ❆✉t♦✉r ❞❡s
❛✉tr❡s ét♦✐❧❡s✱ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s♦♥t ♦❜s❡r✈❛❜❧❡s s✬✐❧s s♦♥t ❛ss❡③ ♠❛ss✐❢s ♣♦✉r q✉❡ ❧❡s ❝♦❧❧✐s✐♦♥s
❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ♣r♦❞✉✐s❡♥t ❝♦♥t✐♥û♠❡♥t s✉✣s❛♠♠❡♥t ❞❡ ♣♦✉ss✐èr❡ ❞ét❡❝t❛❜❧❡ ❡♥ é♠✐ss✐♦♥
t❤❡r♠✐q✉❡ ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ❧♦✐♥t❛✐♥ ❡t s✉❜♠✐❧❧✐♠étr✐q✉❡✱ ♦✉ ❡♥ ❧✉♠✐èr❡ ❞✐✛✉sé❡ ❞❛♥s ❧❡ ✈✐s✐❜❧❡✳
▲❡s r❡❧❡✈és ❡✛❡❝t✉és à ❧✬❛✐❞❡s ❞❡s s❛t❡❧❧✐t❡s ■❘❆❙✱ ■❙❖✱ ❙♣✐t③❡r✱ ❡t ♣❧✉s ré❝❡♠♠❡♥t ❍❡rs❝❤❡❧✱
❞♦♥♥❡♥t ❞❡s ❢réq✉❡♥❝❡s ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞❡ ✸✵ ✪ ❡t ✶✺ ✪ ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ t②♣❡
s♣❡❝tr❛❧ ❆ ❡t ❞❡ t②♣❡ s♦❧❛✐r❡ ✭❋●❑✮✱ r❡s♣❡❝t✐✈❡♠❡♥t✳ ❊♥ r❡✈❛♥❝❤❡✱ très ♣❡✉ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s
♦♥t été ❞ét❡❝tés ❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ t②♣❡ ▼✱ ❡t ❝✬❡st ❧✬✉♥❡ ❞❡s q✉❡st✐♦♥s ét✉❞✐é❡s ❞❛♥s ❝❡ tr❛✈❛✐❧✳
▲❡ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❡st ❜❛sé s✉r s♦♥ ér♦s✐♦♥ ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡
♣❧❛♥ét❡s✐♠❛✉①✳ ■❧ ♣ré❞✐t ❧❡ ❞é❝❧✐♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❞ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❛✈❡❝ ❧✬❛❣❡ ❞❡ ❧✬ét♦✐❧❡✳
❉❛♥s ❝❡tt❡ t❤ès❡✱ ♥♦✉s ❝♦♠♣❧ét♦♥s ❝❡ ♠♦❞è❧❡ ❡♥ ét✉❞✐❛♥t ❧❛ ♣✉r❣❡ ❡t ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡
❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ✉♥ ❞✐sq✉❡ s♦✉♠✐s à ❧✬✐♥t❡r❛❝t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❛✈❡❝ ✉♥❡ ét♦✐❧❡ ❞❡
♣❛ss❛❣❡✱ ✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ ❞❛♥s ✉♥ s②stè♠❡ ❜✐♥❛✐r❡ ♦✉ ✉♥❡ ♣❧❛♥èt❡ à ❧✬✐♥tér✐❡✉r ❞✉ s②s✲
tè♠❡✳ ◆♦✉s ❛✈♦♥s ❛❜♦r❞é ❝❡s ♣r♦❜❧è♠❡s ♣❛r ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡
♣❧❛♥étés✐♠❛✉① s♦✉♠✐s à ❝❡s ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s s✉r ❞❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵✵
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ❈❡ tr❛✈❛✐❧ ❛ été tr❛✐té à ❧✬❛✐❞❡ ❞✬✉♥ ❝♦❞❡ ♣❛r❛❧❧é❧✐sé q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é✳
➚ ❧✬❛✐❞❡ ❞❡ ❝❡ ❝♦❞❡✱ ♥♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ♣❛rt✐❝✐♣é à ✉♥ tr❛✈❛✐❧ ❝♦❧❧❡❝t✐❢ q✉✐ ❛ ♣❡r♠✐s ❞❡
♠♦♥tr❡r q✉❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✬✉♥ ❛♠❛s ♦✉✈❡rt ❡♥ ❡①♣❛♥s✐♦♥ ♣❡♥❞❛♥t ❧❡s ✶✵✵ ♣r❡♠✐❡rs ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s ❞❡ ❧❛ ✈✐❡ ❞✬✉♥❡ ét♦✐❧❡ ♣❡✉t êtr❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ♣✉r❣❡ ❞✬✉♥ ❞✐sq✉❡ à ❝❛✉s❡ ❞❡ ♣❛ss❛❣❡s
st❡❧❧❛✐r❡s à ♠♦✐♥s ❞❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞✬❯❆ ♣❡♥❞❛♥t ❝❡tt❡ ♣ér✐♦❞❡✳ ◆♦✉s ❛✈♦♥s ♠♦♥tré q✉❡
❝❡tt❡ ♣✉r❣❡ ❡st ♣❧✉s ✐♠♣♦rt❛♥t❡ ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ ♣❡t✐t❡s ♠❛ss❡s ❀ ❝❡ q✉✐ ❡st ❝♦❤ér❡♥t ❛✈❡❝ ❧❛
❢❛✐❜❧❡ ❢réq✉❡♥❝❡ ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼✳
❊♥s✉✐t❡✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❛ ♣✉r❣❡✱ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t ❧❛ str✉❝t✉r❛t✐♦♥ ❞✬✉♥ ❞✐sq✉❡
❞❡ ❞é❜r✐s ❛✉t♦✉r ❞✬✉♥❡ ❞❡s ét♦✐❧❡s ❞✬✉♥ s②stè♠❡ ❜✐♥❛✐r❡ ❛②❛♥t ✉♥❡ ♦r❜✐t❡ à ❧♦♥❣✉❡ ♣ér✐♦❞❡✳ ◆♦✉s
❛✈♦♥s ♠♦♥tré ♥♦t❛♠♠❡♥t q✉❡ ❝❡ ❞✐sq✉❡ ♣❡r❞ ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ s❡s ♣❧❛♥étés✐♠❛✉① ♣♦✉r ✉♥❡
♦r❜✐t❡ ❛②❛♥t ✉♥❡ ❞✐st❛♥❝❡ ❛✉ ♣ér✐❛str❡ < ✺✵✵ ❯❆ ♠❛✐s q✉✬✐❧ ♣❡✉t êtr❡ ❡①❝✐té ❞②♥❛♠✐q✉❡♠❡♥t
❛✉ ♣♦✐♥t ❞✬❡♥❣❡♥❞r❡r ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❛✈❡❝ ❞❡s ♦r❜✐t❡s ❛②❛♥t ✉♥❡
❞✐st❛♥❝❡ ❛✉ ♣ér✐❛str❡ ❥✉sq✉✬à ✷✵✵✵ ❯❆✳ ◆♦✉s ❛✈♦♥s ❛✉ss✐ ét✉❞✐é ❧✬❡✛❡t ❞✬✉♥❡ ♣❧✉✐❡ ❞❡ ❝♦♠èt❡s✱
♣r♦✈♦q✉é❡ ♣❛r ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❞✬✉♥❡ ét♦✐❧❡ ♣❛ss❛♥t ❞❛♥s ❧❡ ♥✉❛❣❡ ❞❡ ❖♦rt ❞✬✉♥❡ ❛✉tr❡ ét♦✐❧❡✳
◆♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❡s ❝♦❧❧✐s✐♦♥s ❞❡ ❝❡s ❝♦♠èt❡s ❛✈❡❝ ❧❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ♥✬ét❛✐❡♥t
♣❛s s✉s❝❡♣t✐❜❧❡s ❞❡ r❡♥❢♦r❝❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s à ❧✬✐♥tér✐❡✉r
❞✉ s②stè♠❡ ❡t ❧❡ r❡♥❞r❡ ❞ét❡❝t❛❜❧❡✳
P✉✐s ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧❛ ♣✉r❣❡✱ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t ❧❛ str✉❝t✉r❛t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❞❡
✹
❞é❜r✐s s♦✉♠✐s ❛✉① ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞✬✉♥❡ ♣❧❛♥èt❡ à ❧✬✐♥tér✐❡✉r ❞✉ s②stè♠❡✱ ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ st❡❧❧❛✐r❡✱ ❧❛ ♠❛ss❡ ♣❧❛♥ét❛✐r❡ ❡t ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧✬♦r❜✐t❡ ♣❧❛♥ét❛✐r❡✳ ◆♦✉s
♠♦♥tr♦♥s ♥♦t❛♠♠❡♥t q✉❡ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ ❝❛r❛❝tér✐sé❡ ♣❛r ❧❛ ♠♦②❡♥♥❡ ❞❡
❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ❡st ❞❡✉①✱ ✈♦✐r❡ tr♦✐s ❢♦✐s✱ s✉♣ér✐❡✉r❡ à ❧❛ ✈❛❧❡✉r
❤❛❜✐t✉❡❧❧❡♠❡♥t ✉t✐❧✐sé❡ ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❛✉ ♠♦②❡♥ ❞✉ ♠♦❞è❧❡ ❝♦❧❧✐s✐♦♥✲
♥❡❧✳ ❆✉ ❝♦✉rs ❞❡ ❝❡ tr❛✈❛✐❧✱ ❡♥ ❝♦♠♣❧é♠❡♥t✱ ♥♦✉s ❛✈♦♥s ❛✉ss✐ ét✉❞✐é ❧❡ ❝❛s ❞✬✉♥ ❝♦♠♣❛❣♥♦♥
❞❡ ♠❛ss❡ ♣❧❛♥ét❛✐r❡ s✐t✉é s✉r ✉♥❡ ♦r❜✐t❡ très ❡①❝❡♥tr✐q✉❡ tr❛✈❡rs❛♥t ré❣✉❧✐èr❡♠❡♥t ❧❡ ❞✐sq✉❡✱ à
❧❛ ♠❛♥✐èr❡ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❙❡❞♥❛✳ ◆♦✉s ❛✈♦♥s ❞ét❡r♠✐♥é ❧❛ ♠❛ss❡ ♥é❝❡ss❛✐r❡ ♣♦✉r q✉✬✉♥❡ t❡❧❧❡
♣❧❛♥èt❡ ❡♥❣❡♥❞r❡ ✉♥ ét❛t ❞✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ s✉✣s❛♥t ♣♦✉r ❞é❝❧❡♥❝❤❡r ❧❡ ♠é✲
❝❛♥✐s♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❡t ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ str✉❝t✉r❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❛♥s ❧❡ ❞✐sq✉❡✳
❊♥✜♥✱ ♥♦✉s ❛✈♦♥s ♠❡♥é ✉♥❡ ét✉❞❡ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡
❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ ❞✐✛ér❡♥ts t②♣❡s st❡❧❧❛✐r❡s✳ ➚ ❧✬❛✐❞❡ ❞✉ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥
❝♦❧❧✐s✐♦♥❡❧❧❡ ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✱ ♥♦✉s ❛✈♦♥s ❛❥✉sté ❧❡s ♣❛r❛♠ètr❡s ❞é❝r✐✈❛♥t ❧❛ ♣♦♣✉❧❛t✐♦♥
❞❡ ❞✐sq✉❡s s✉r ❧❡s ❞♦♥♥é❡s ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡s ét♦✐❧❡s ❞✬â❣❡s ❝♦♥♥✉s ❞❡ t②♣❡ ❆ ❞✉ r❡❧❡✈é ❙♣✐t③❡r
❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮ ❡t ❞❡ t②♣❡ s♦❧❛✐r❡ ✭❋●❑✮ ❞❡ ❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮✳ ◆♦✉s ❛❥✉st♦♥s ❝❡ ♠♦❞è❧❡
s✉r ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ❞❡ ❧❛ ♣♦✉ss✐èr❡ ❞❡s ❞✐sq✉❡s ❞ét❡❝tés
❛✉t♦✉r ❞❡ ❝❡s ét♦✐❧❡s ❞❡ t②♣❡ ❆ ❡t ❋●❑✳ ❊♥ ✉t✐❧✐s❛♥t ❝❡tt❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s✱ ❛✐♥s✐ ❛❥✉sté❡✱
♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼✱ ♥♦✉s ♠♦♥tr♦♥s q✉✬❡❧❧❡ ♥✬❡st ♣❛s ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ ❞é✜❝✐t ♦❜s❡r✈é ❞❡
❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡ ❝❡ t②♣❡ ❞✬ét♦✐❧❡✳ ◆♦✉s ♠♦♥tr♦♥s q✉❡ ❧❛ ❢❛ç♦♥ ❞❡ ❧❛ ré❝♦♥❝✐❧✐❡r ❛✈❡❝
❧❡s ♦s❜❡r✈❛t✐♦♥s ❡st ❞❡ ré❞✉✐r❡ ❧❛ t❛✐❧❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥ ❢❛❝t❡✉r ✶✵✳
✺
❆❜str❛❝t
❆ ❞❡❜r✐s ❞✐s❦ ❛r♦✉♥❞ ❛ ♠❛✐♥ s❡q✉❡♥❝❡ st❛r ✐s ❢♦r♠❡❞ ♦❢ ♣❧❛♥❡t❡s✐♠❛❧s ❧❡❢t ♦✈❡r ❢r♦♠ t❤❡
♣❧❛♥❡t❛r② s②st❡♠ ❢♦r♠❛t✐♦♥ ♣r♦❝❡ss ✐♥ t❤❡ ❝♦r❡ ❛❝❝r❡t✐♦♥ t❤❡♦r②✳ ■♥ ♦✉r ❙♦❧❛r s②st❡♠✱ t❤❡ ❛s✲
t❡r♦✐❞ ❜❡❧t ❛♥❞ t❤❡ ❊❞❣❡✇♦rt❤✲❑✉✐♣❡r ❜❡❧t ❛r❡ ❞❡❜r✐s ❞✐s❦s✳ ❆r♦✉♥❞ ♦t❤❡r st❛rs✱ ❞❡❜r✐s ❞✐s❦s
❛r❡ ♦❜s❡r✈❛❜❧❡ ✐❢ t❤❡② ❛r❡ ♠❛ss✐✈❡ ❡♥♦✉❣❤ ❢♦r ❝♦❧❧✐s✐♦♥s ❜❡t✇❡❡♥ ♣❧❛♥❡t❡s✐♠❛❧s t♦ ♣r♦❞✉❝❡ ❝♦♥✲
t✐♥♦✉s❧② ❧❛r❣❡ q✉❛♥t✐t✐❡s ♦❢ ❞✉st✳ ❚❤✐s ❞✉st ♠❛② ❜❡ ❞❡t❡❝t❡❞ ❜② t❤❡ t❤❡r♠❛❧ ❡♠✐ss✐♦♥ ❢r♦♠ t❤❡
❣r❛✐♥s ✐♥ t❤❡ ❢❛r✲✐♥❢r❛r❡❞ ♦r ✐♥ t❤❡ s✉❜♠✐❧❧✐♠❡t❡r ✇❛✈❡❧❡♥❣❤ts ♦r ❜② ❧✐❣❤t s❝❛tt❡r✐♥❣ ✐♥ t❤❡ ✈✐s✐✲
❜❧❡ s♣❡❝tr✉♠✳ ❙✉r✈❡②s ❢r♦♠ s♣❛❝❡ ♦❜s❡r✈❛t♦r✐❡s ■❘❆❙✱ ■❙❖✱ ❙♣✐t③❡r ❛♥❞ ♠♦r❡ r❡❝❡♥t❧② ❍❡rs❝❤❡❧
♣r♦✈✐❞❡ ❞❡t❡❝t✐♦♥ r❛t❡s ♦❢ ❞❡❜r✐s ❞✐s❦s ♦❢ ✸✵ ✪ ❛♥❞ ✶✺ ✪ ❢♦r ❆ t②♣❡ st❛r ❛♥❞ s♦❧❛r ✭❋●❑✮ t②♣❡
st❛r✱ r❡s♣❡❝t✐✈❡❧②✳ ■♥ ❝♦♥tr❛st✱ ✈❡r② ❢❡✇ ❞❡❜r✐s ❞✐s❦s ✇❡r❡ ❞❡t❡❝t❡❞ ❛r♦✉♥❞ ▼ t②♣❡ st❛r✱ ❛♥❞
t❤✐s ✐s ♦♥❡ ♦❢ t❤❡ t♦♣✐❝s ❛❞❞r❡ss❡❞ ✐♥ t❤✐s ✇♦r❦✳
❚❤❡ ❡✈♦❧✉t✐♦♥ ♠♦❞❡❧ ♦❢ ❞❡❜r✐s ❞✐s❦s ✐s ❜❛s❡❞ ♦♥ t❤❡✐r ❡r♦s✐♦♥ ❜② ❝♦❧❧✐s✐♦♥ ❜❡t✇❡❡♥ ♣❧❛♥✲
❡t❡s✐♠❛❧s✳ ■t ♣r❡❞✐❝ts ❛ ❞❡❝❧✐♥❡ ♦❢ t❤❡ ❞❡t❡❝t✐♦♥ r❛t❡ ✇✐t❤ t❤❡ ❛❣❡ ♦❢ t❤❡ st❛r✳ ■♥ t❤✐s ✇♦r❦✱ ✇❡
❝♦♠♣❧❡t❡ ✐t ❜② st✉❞②✐♥❣ t❤❡ str✐♣♣✐♥❣ ❛♥❞ t❤❡ ❞②♥❛♠✐❝❛❧ ❡①❝✐t❛t✐♦♥ ♦❢ ♣❧❛♥❡t❡s✐♠❛❧s ✐♥ ❛ ❞✐s❦
✉♥❞❡r❣♦✐♥❣ ❣r❛✈✐t❛t✐♦♥❛❧ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤ ❛ ♣❧❛♥❡t✱ ❛ ❝♦♠♣❛♥✐♦♥ st❛r ✐♥ ❛ ❜✐♥❛r② s②st❡♠ ♦r ❛
st❡❧❛r ✢②❜②✳ ❲❡ ❤❛✈❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡s❡ ✐ss✉❡s ❜② t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❞②♥❛♠✐❝s ♦❢
❛ ♣❧❛♥❡t❡s✐♠❛❧ ❞✐s❦ ♣❧❛❝❡❞ ✐♥ t❤❡s❡ ❝♦♥❞✐t✐♦♥s✱ ♦✈❡r t✐♠❡s❝❛❧❡s ♦❢ ✶✵✵ ▼②r✱ ✇✐t❤ ❛ ♣❛r❛❧❧❡❧✐③❡❞
❝♦❞❡ ✇❡ ❤❛✈❡ ❞❡✈❡❧♦♣♣❡❞✳
❲✐t❤ t❤✐s ❝♦❞❡✱ ✇❡ ❤❛✈❡ ♣❛rt✐❝✐♣❛t❡❞ ✐♥ ❛ ❝♦❧❧❡❝t✐✈❡ ✇♦r❦ ✇❤✐❝❤ ❤❛✈❡ s❤♦✇♥ t❤❛t✱ ✐♥ ❛♥
❡①♣❛♥❞✐♥❣ ♦♣❡♥ ❝❧✉st❡r✱ ❞❡❜r✐s ❞✐s❦s ❛r♦✉♥❞ ②♦✉♥❣ st❛rs ✭❧❡ss t❤❛♥ ✶✵✵ ▼②rs✮ ♠❛② ❜❡ str✐♣♣❡❞
❜❡❝❛✉s❡ ♦❢ st❡❧❧❛r ✢②❜②s ♦❢ ♠✐ss ❞✐st❛♥❝❡s ♦❢ ❢❡✇ ❤✉♥❞r❡❞s ♦❢ ❆❯✳ ❲❡ ❤❛✈❡ s❤♦✇♥ t❤❛t t❤✐s
str✐♣♣✐♥❣ ✐s ♠♦r❡ ✐♠♣♦rt❛♥t ❢♦r ❧♦✇ ♠❛ss st❛rs✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❞❡❛rt❤ ♦❢ ❞❡❜r✐s
❞✐s❦s ❛r♦✉♥❞ ▼ t②♣❡ st❛rs✳
❚❤❡♥ ✇❡ ❤❛✈❡ st✉❞✐❡❞ t❤❡ str✐♣♣✐♥❣✱ t❤❡ ❞②♥❛♠✐❝❛❧ ❡①❝✐t❛t✐♦♥ ❛♥❞ t❤❡ str✉❝t✉r✐♥❣ ♦❢ ❛ ❞❡❜r✐s
❞✐s❦ ❛r♦✉♥❞ ♦♥❡ t❤❡ t❤❡ st❛rs ♦❢ ❛ ❧♦♥❣ ♣❡r✐♦❞ ❜✐♥❛r② s②st❡♠✳ ❲❡ ❤❛✈❡ ❡s♣❡❝✐❛❧❧② s❤♦✇♥ t❤❛t
t❤✐s ❞✐s❦ ❧♦♦s❡s ❛ ❧❛r❣❡ ♣❛rt ♦❢ ✐ts ♣❧❛♥❡t❡s✐♠❛❧s ❢♦r ❛ ❝♦♠♣❛♥✐♦♥ st❛r ♣❡r✐❛str♦♥ ❧❡ss t❤❛♥ ✺✵✵
❆❯ ❀ ❜✉t t❤❛t ✐t ♠❛② ❜❡ ❡♥♦✉❣❤ ❞②♥❛♠✐❝❛❧❧② ❡①❝✐t❡❞ t♦ st❛rt ❞✉st ♣r♦❞✉❝t✐♦♥ ✇✐t❤ ❛ ❝♦♠♣❛♥✐♦♥
st❛r ♣❡r✐❛str♦♥ ✉♣ t♦ ✷✵✵✵ ❆❯✳ ❲❡ ❤❛✈❡ ❛❧s♦ st✉❞✐❡❞ t❤❡ ❡✛❡❝t ♦❢ ❛ ❝♦♠❡t s❤♦✇❡r✱ ❝❛✉s❡❞ ❜②
❛ ♣❛ss✐♥❣ st❛r ♣❡rt✉r❜✐♥❣ t❤❡ ❖♦rt ❝❧♦✉❞ ♦❢ ❛♥♦t❤❡r st❛r✳ ❲❡ ❤❛✈❡ s❤♦✇♥ t❤❛t ✐t ✇❛s ♥♦t ❛❜❧❡
t♦ str❡♥❣t❤❡♥ ❞✉st ♣r♦❞✉❝t✐♦♥ ✐♥ t❤❡ ❞❡❜r✐s ❞✐s❦ ✐♥s✐❞❡ t❤❡ s②st❡♠ ❛♥❞ t♦ ♠❛❦❡ ✐t ❞❡t❡❝t❛❜❧❡✳
❚❤❡♥ ✇❡ ❤❛✈❡ st✉❞✐❡❞ t❤❡ str✐♣♣✐♥❣✱ t❤❡ ❞②♥❛♠✐❝❛❧ ❡①❝✐t❛t✐♦♥ ❛♥❞ t❤❡ str✉❝t✉r✐♥❣ ♦❢ ❛
❞❡❜r✐s ❞✐s❦ ✉♥❞❡r❣♦✐♥❣ ❣r❛✈✐t❛t✐♦♥❛❧ ♣❡rt✉r❜❛t✐♦♥s ❢r♦♠ ❛ ♣❧❛♥❡t ♦r❜✐t✐♥❣ ✐♥s✐❞❡ t❤❡ s②st❡♠✱
❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ st❡❧❧❛r ♠❛ss✱ t❤❡ ♣❧❛♥❡t ♠❛ss ❛♥❞ t❤❡ ♣❧❛♥❡t ♦r❜✐t❛❧ ❡❝❝❡♥tr✐❝✐t②✳ ❲❡ ❤❛✈❡
♣❛rt✐❝✉❧❛r❧② s❤♦✇♥ t❤❛t t❤❡ ❞②♥❛♠✐❝❛❧ ❡①❝✐t❛t✐♦♥ ♦❢ t❤❡ ❞✐s❦✱ ❝❤❛r❛❝t❡r✐s❡❞ ❜② t❤❡ ♠❡❛♥ ♦❢
t❤❡ ♠❡❛♥ ♦r❜✐t❛❧ ❡❝❝❡♥tr✐❝✐t② ♦❢ t❤❡ ♣❧❛♥❡t❡s✐♠❛❧s✱ ✐s t✇♦✱ ❡✈❡♥ t❤r❡❡ t✐♠❡s ❤✐❣❤❡r t❤❛♥ t❤❡
♥♦r♠❛❧❧② ✉s❡❞ ✈❛❧✉❡ t♦ st✉❞② ❞❡❜r✐s ❞✐s❦ ❡✈♦❧✉t✐♦♥ ✇✐t❤ t❤❡ ❝♦❧❧✐s✐♦♥❛❧ ♠♦❞❡❧✳ ❉✉r✐♥❣ t❤✐s
✻
✇♦r❦✱ ✇❡ ❤❛✈❡ ❛❧s♦ st✉❞✐❡❞ t❤❡ ❝❛s❡ ♦❢ ❛ ♣❧❛♥❡t ❡✈♦❧✈✐♥❣ ♦♥ ❛ ✈❡r② ❡❝❝❡♥tr✐❝ ♦r❜✐t ❛♥❞ r❡❣✉❧❛r❧②
❝r♦ss✐♥❣ t❤❡ ❞✐s❦✱ ❧✐❦❡ ❙❡❞♥❛✳ ❲❡ ❤❛✈❡ ❞❡t❡r♠✐♥❡❞ t❤❡ r❡q✉✐r❡❞ ♣❧❛♥❡t ♠❛ss ♥❡❡❞❡❞ t♦ tr✐❣❣❡r
❞✉st ♣r♦❞✉❝t✐♦♥ ❛♥❞ t♦ ❢♦r♠ t②♣✐❝❛❧ str✉❝t✉r❡s ✐♥ t❤❡ ❞✐s❦✳
❋✐♥❛❧❧②✱ ✇❡ ❤❛✈❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ♣♦♣✉❧❛t✐♦♥ ♦❢ ❞❡❜r✐s ❞✐s❦s ❛r♦✉♥❞
st❛rs ♦❢ ❞✐✛❡r❡♥t s♣❡❝tr❛❧ t②♣❡s✳ ❲✐t❤ t❤❡ ❛♥❛❧②t✐❝ st❡❛❞②✲st❛t❡ ❞❡❜r✐s ❞✐s❦ ❡✈♦❧✉t✐♦♥ ♠♦❞❡❧
❢r♦♠ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✱ ✇❡ ❤❛✈❡ ✜tt❡❞ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤✐s ❞✐s❦ ♣♦♣✉❧❛t✐♦♥ ✇✐t❤ t❤❡ ❞❛t❛
♦❢ t❤❡ ❙♣✐t③❡r s✉r✈❡②s ♦❢ ❆ t②♣❡ st❛rs ♦❢ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮ ❛♥❞ ♦❢ s♦❧❛r ✭❋●❑✮ t②♣❡ st❛rs ♦❢
❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮✳ ❲❡ ✜t t❤✐s ♠♦❞❡❧ ✇✐t❤ t❤❡ ❝✉♠✉❧❛t✐✈❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❢r❛❝t✐♦♥❛❧ ❞✉st
❧✉♠✐♥♦s✐t✐❡s ♦❢ t❤❡ ❞✐s❦s ❢♦r ❆ ❛♥❞ ❋●❑ t②♣❡ st❛rs✳ ❇② ✉s✐♥❣ t❤✐s ✜tt❡❞ ❞✐s❦ ♣♦♣✉❧❛t✐♦♥ ❢♦r ▼
t②♣❡ st❛rs✱ ✇❡ ❢♦✉♥❞ t❤❛t ✐t ✐s ♥♦t ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❞❡❛rt❤ ♦❢ ♦❜s❡r✈❡❞ ❞❡❜r✐s ❞✐s❦s ❛r♦✉♥❞
t❤❡s❡ st❛rs✳ ❲❡ ❤❛✈❡ ❢♦✉♥❞ t❤❛t ❞❡❝r❡❛s✐♥❣ t❤❡ ♣❧❛♥❡t❡s✐♠❛❧ s✐③❡ ❜② ❛ ❢❛❝t♦r ♦❢ t❡♥ ♠❛❦❡s ✐t
❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❛t✐♦♥s✳
✼

✾
❘❡♠❡r❝✐❡♠❡♥ts
❈❡s tr❡♥t❡✲❤✉✐t ♠♦✐s ❞❡ t❤ès❡ ♥✬❛✉r♦♥t ♣❛s été ✉♥✐q✉❡♠❡♥t ✉♥ tr❛✈❛✐❧ s❝✐❡♥t✐✜q✉❡ ❀ ✉♥❡ t❤ès❡
❝✬❡st ❛✉ss✐ ✉♥❡ ❛✈❡♥t✉r❡ ❤✉♠❛✐♥❡✱ ✉♥❡ ♣♦rt✐♦♥ ❞❡ ✈✐❡ ❛✉ ❝♦✉rs ❞❡ ❧❛q✉❡❧❧❡ ❥✬❛✐ ♣✉ ❝❤❛♥❣❡r✱ ❞é✲
❝♦✉✈r✐r✱ ❛♣♣r❡♥❞r❡✱ ♠✬✐♥t❡rr♦❣❡r ❡t ❞♦✉t❡r ❀ ❡t✱ ♣♦✉r ❝❡ ❞♦♥t ✐❧ ❡st q✉❡st✐♦♥ ✐❝✐✱ r❡♥❝♦♥tr❡r ❡t
é❝❤❛♥❣❡r✳ ❈❡ ❧♦♥❣ ✢❡✉✈❡ ♥♦♥ tr❛♥q✉✐❧❧❡ ♠✬❛✉r❛ ❡♥ t♦✉s ❝❛s ♣❡r♠✐s ❞❡ ❢❛✐r❡ ❞❡ ❜❡❧❧❡s r❡♥❝♦♥tr❡s✳
❘é❞✐❣❡r ❞❡s r❡♠❡r❝✐❡♠❡♥ts ❞❡ t❤ès❡ ♥✬❡st ♣❛s ✉♥❡ ❝❤♦s❡ ❛✐sé❡ ❝❛r✱ ♦✉tr❡ ❧❛ ❝r❛✐♥t❡ ❞✬♦✉❜❧✐❡r
q✉❡❧q✉✬✉♥✱ ✐❧ ❢❛✉t s❡ ❞é♣❛rt✐r ❞❡ ❧❛ ♣✉❞❡✉r q✉✐ ❡st ❧❛ ♠✐❡♥♥❡✱ tr♦✉✈❡r ❧❡s ♠♦ts ❥✉st❡s✱ ♠❡ttr❡
❡♥ ♠♦ts ♠❛ r❡❝♦♥♥❛✐ss❛♥❝❡✳ ❆✉ss✐ ❢❡r❛✐✲❥❡ ❞♦♥❝ ❝♦✉rt✱ ❝❡ q✉✐ ♥❡ s✐❣♥✐✜❡ ❜✐❡♥ sûr ♣❛s q✉❡ ♠❛
❣r❛t✐t✉❞❡ s♦✐t ❝♦✉rt❡ ❡❧❧❡ ❛✉ss✐ ✦
❏❡ ✈♦✉❞r❛✐s ❛✈❛♥t t♦✉t r❡♠❡r❝✐❡r ♠♦♥ ❞✐r❡❝t❡✉r ❞❡ t❤ès❡✱ ❏❡❛♥✲❋r❛♥ç♦✐s ▲❡str❛❞❡✱ ❜✐❡♥ sûr
♣♦✉r ♠✬❛✈♦✐r ❛❝❝❡♣té ❡♥ t❤ès❡✱ ♠❛✐s ❛✉✲❞❡❧à ♣♦✉r s♦♥ s♦✉t✐❡♥✱ ♣♦✉r ♠✬❛✈♦✐r ❛✐❞é ❧♦rsq✉❡ ❥❡
♣❡r❞❛✐s ♣✐❡❞✱ ♣♦✉r ❝❡ q✉✬✐❧ ♠✬❛ ❡♥s❡✐❣♥é✱ ❡t ♣❛s s❡✉❧❡♠❡♥t s✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✦ ❏❡ ✈❡✉①
r❡♥❞r❡ ❤♦♠♠❛❣❡ à s❡s q✉❛❧✐tés ❤✉♠❛✐♥❡s✱ à s❛ ❣❡♥t✐❧❧❡ss❡✱ s♦♥ r❡s♣❡❝t✱ s❛ ❞✐s♣♦♥✐❜✐❧✐té✱ s❛
❜♦♥♥❡ ❤✉♠❡✉r✱ ♥♦t❛♠♠❡♥t✳ ▼❡r❝✐ é❣❛❧❡♠❡♥t à ❍❡r✈é ❇❡✉st✱ à ❙❡❛♥ ❘❛②♠♦♥❞✱ à ❆♥♥❡✲▼❛r✐❡
▲❛❣r❛♥❣❡✱ à ❏❡❛♥✲❈❤❛r❧❡s ❆✉❣❡r❡❛✉ ❡t à ❲✐❧❧✐❛♠ ❚✉✐❧❧♦t ♣♦✉r ❛✈♦✐r ❛❝❝❡♣té ❞❡ ❢❛✐r❡ ♣❛rt✐❡ ❞❡
♠♦♥ ❥✉r② ❞❡ t❤ès❡✱ ❛✐♥s✐ q✉❡ ♣♦✉r ❧❡✉rs r❡♠❛rq✉❡s ❝♦♥str✉❝t✐✈❡s✳ ❯♥ ♠❡r❝✐ ♣❛rt✐❝✉❧✐❡r à ❙❡❛♥
❘❛②♠♦♥❞ ♣♦✉r s❡s ✉t✐❧❡s ❝♦♠♠❡♥t❛✐r❡s✳
❆✉ s❡✐♥ ❞✉ ▲❊❘▼❆✱ ❥❡ ✈♦✉❞r❛✐s r❡♠❡r❝✐❡r ▼✐❝❤❡❧ Pér❛✉❧t✱ ❏✉❛♥ ❯s♦♥✱ ❙②❧✈✐❡ ❈❛❜r✐t ❡t
❇❡♥♦ît ❙❡♠❡❧✐♥ ♣♦✉r ❧❡s ❞✐s❝✉ss✐♦♥s q✉❡ ♥♦✉s ❛✈♦♥s ❡✉✱ ❛✐♥s✐ q✉❡ ❉❥✐❧❛❧✐ ❩✐❞❛♥✐ ♣♦✉r s❛ ♣rés❡♥❝❡
❡t s♦♥ ❛✐❞❡ t❡❝❤♥✐q✉❡✳ ▼❡r❝✐ é❣❛❧❡♠❡♥t à ♠♦♥ ♣❛rr❛✐♥ ❞❡ t❤ès❡✱ ●✉✐❧❧❛✉♠❡ P✐♥❡❛✉ ❞❡s ❋♦rêts✱
♣♦✉r s♦♥ ❛tt❡♥t✐♦♥ ❡t ♥♦s ❧♦♥❣✉❡s ❞✐s❝✉ss✐♦♥s✳ ➚ ♣r♦♣♦s ❞❡ ❞✐s❝✉ss✐♦♥s✱ ❥❡ ✈♦✉❞r❛✐s r❡♠❡r❝✐❡r
é❣❛❧❡♠❡♥t ❈❤r✐st♦♣❤❡ ▲❡ P♦♥❝✐♥✲▲❛✜tt❡✱ ▼❛r✐❡✲❈❤r✐st✐♥❡ ❆♥❣♦♥✐♥✱ P❤✐❧✐♣♣❡ ❚❤é❜❛✉❧t ❡t ❙❛r❛❤
▼❛❞❞✐s♦♥✳ ▼❡r❝✐ é❣❛❧❡♠❡♥t à t♦✉s ❧❡s ❞♦❝t♦r❛♥ts ❡t ♣♦st✲❞♦❝ ❞✉ ▲❊❘▼❆✱ ▲✐♦♥❡❧✱ ❲❛❧t❡r✱
▼❛①✐♠❡✱ ▼❛r❝✱ ❇❡♥❥❛♠✐♥✱ ❆♥❛ë❧❧❡✱ ●ré❣♦r②✱ ❈❤❛r❧è♥❡✱ ▼❛①✐♠❡✱ ❨❛♥♥✐❝❦✱ ❏❡❛♥♥❡✱ ♣♦✉r ❧❡s
♠♦♠❡♥ts ♣❛ssés ❡♥s❡♠❜❧❡✳ ❊♥✜♥✱ ✉♥ ♠❡r❝✐ très ❛❞♠✐r❛t✐❢ ♣♦✉r ❧❡s ♣❡rs♦♥♥❡❧s ❛❞♠✐♥✐str❛t✐❢s
❞✉ ▲❊❘▼❆✱ ❆♥♥✐❝❦ ●❛ss❛✐s✱ ❱❛❧ér✐❡ ❆✉❞♦♥✱ ▲❛✉r❡♥t ●✐r♦t ❡t ❱✐✈✐❛♥❡ ❇✐❣♦t✱ ❞❡ ❧✬❖❜s❡r✈❛✲
t♦✐r❡✱ ●ér❛❧❞✐♥❡ ●❛✐❧❧❛♥t✱ ❡t ❞❡ ❧✬➱❝♦❧❡ ❞♦❝t♦r❛❧❡✱ ❏❛❝q✉❡❧✐♥❡ P❧❛♥❝②✱ t♦✉t à ❧❛ ❢♦✐s ❡✣❝❛❝❡s ❡t
❛❣ré❛❜❧❡s✱ ❡♠♣r❡ssés ❞❡ ré♣♦♥❞r❡ à ♠❡s q✉❡st✐♦♥s ❡t ❞✬❡①❝✉s❡r ♠❡s r❡t❛r❞s✳
❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❧❛ ❢♦♥❞❛t✐♦♥ ❈❋▼ ♣♦✉r ❛✈♦✐r ✜♥❛♥❝é✱ ♣❧✉s q✉❡ ❝♦rr❡❝t❡♠❡♥t✱ ♠❛
t❤ès❡✱ ❛✐♥s✐ q✉❡ ❞❡✉① ❞❡s ❝♦♥❢ér❡♥❝❡s ❛✉①q✉❡❧❧❡s ❥✬❛✐ ♣❛rt✐❝✐♣é✱ ♠❡ ♠❡tt❛♥t ❛✐♥s✐ à ❧✬❛❜r✐ ❞✉
❜❡s♦✐♥✳ ❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❧✬❯♥✐✈❡rs✐té P❛r✐s ❉❡s❝❛rt❡s ❞❡ ♠✬❛✈♦✐r ♣❡r♠✐s ❞❡ ❞é❝♦✉✈r✐r ❝❡
q✉✬❡st ❧✬❡♥s❡✐❣♥❡♠❡♥t✱ ❥✬❡♥ ❣❛r❞❡ ✉♥ ❢♦rt ❜♦♥ s♦✉✈❡♥✐r✳
❏❡ ♠❡ ❞♦✐s é❣❛❧❡♠❡♥t ❞❡ r❡♠❡r❝✐❡r✱ ❡t ❝♦♠♠❡♥t✱ ❝❡✉① q✉✐ ♠✬♦♥t s✉♣♣♦rté ❡t q✉❡ ❥✬❛✐ s✉♣✲
♣♦rté ♣❡♥❞❛♥t tr♦✐s ❛♥s ❞❛♥s ♠♦♥ ❜✉r❡❛✉ ✿ ❘♦♠❛✐♥ ❙❡❧✐❡r✱ s♦♥ ✐♥é❜r❛♥❧❛❜❧❡ q✉✐ét✉❞❡ ❡t s♦♥
✐♥❛❧tér❛❜❧❡ s②♠♣❛t❤✐❡ ❀ ❡t ❨❛♥♥ ❇r♦✉❡t✳✳✳ ◗✉❡ ❞✐r❡ ❞❡ ❨❛♥♥ ❄ ❯♥ ❛♥ ❞❡ ♠❛st❡r✱ tr♦✐s ❛♥ ❞❡
t❤ès❡ ❡♥ ❝♦♠♠✉♥✱ ❞❡ s♦♠❜r❡s ❤✐st♦✐r❡s ❞❡ ❝❛rt❡s ♣❡r❞✉❡s ❡t ❞❡ ♣♦st✲✐t✱ ❞❡s s♦✐ré❡s✱ ❞❡s s❡r✈✐❝❡s✱
✶✵
✉♥ s♦✉t✐❡♥ s❛♥s ❢❛✐❧❧❡✱ ❡t t❛♥t ❞❡ ❜♦♥s s♦✉✈❡♥✐rs ✦ ▼❡r❝✐ ❧❡s ❣❛rs✱ ✈♦✉s ❛✈❡③ été ❧❡s ♠❡✐❧❧❡✉rs
❝♦❧❧è❣✉❡s ♣♦ss✐❜❧❡s ✦
❨❛♥♥✱ ▼❛r②❛♠❡✱ ❙t❡❢❛♥♦ ❡t ♠♦✐ ✿ ❧❡s ◗✉❛tr❡s ❋❛♥t❛st✐q✉❡s✱ ❝♦♠♠❡ ❞✐s❛✐t ❨❛♥♥ ✦ ▼❡r❝✐ ♣♦✉r
t♦✉t✱ ❧❡s r❡♣❛s✱ ❧❡ ❜❛❜②✲❢♦♦t✱ ❧❡s s♦✐ré❡s✱ ❧❡ r❡st❡✳ ❈❡s tr♦✐s ❛♥♥é❡s ♥✬❛✉r❛✐❡♥t ♣❛s été ❧❡s ♠ê♠❡s
s❛♥s ✈♦✉s✳ ❖♥ ❢♦r♠❡ ✉♥❡ éq✉✐♣❡ ❢♦r♠✐❞❛❜❧❡✱ ❞❡♣✉✐s ❧❡ ♠❛st❡r ✦ ▼❡r❝✐ ❛✉ss✐ à t♦✉s ❧❡s ❞♦❝t♦r✲
❛♥ts ❡t st❛❣✐❛✐r❡s q✉❡ ❥✬❛✐ r❡♥❝♦♥tré ♦✉ r❡❝r♦✐sé à ❧✬❖❜s❡r✈❛t♦✐r❡ ❞❡ P❛r✐s ✭♦✉ à ❧✬■❆P✮ ✿ ❨❛♥♥✱
▼❛r②❛♠❡✱ ❙t❡❢❛♥♦✱ ❘♦♠❛✐♥✱ ❞♦♥❝✱ ♠❛✐s ❛✉ss✐ ❘❛❞✇❛♥✱ ▲♦♥❣✱ ●✉✐t♦✉ ✭❢é❧✐❝✐t❛t✐♦♥s ❛✉① ♠❛r✲
✐és✮✱ ❆♠❛❧❡✱ ❘✐♥❛t✱ ❲❛❧t❡r✱ ❋r❛♥ç♦✐s❡✱ ▲❡❛♥❞r♦✱ ❏✉❧✐❛✱ ▼é❧❛♥✐❡✱ ❘❡♥❛✉❞✳ ▼❡r❝✐ ♣♦✉r ❧❡s s♦✐ré❡s✱
❧❡s ❥❡✉① ❞é❝♦✉✈❡rts ✭✉♥❡ ♣❡t✐t❡ ♣❡♥sé❡ é♠✉❡ ♣♦✉r ❧❡ ❇❛tt❧❡❙t❛r ●❛❧❛❝t✐❝❛✮✱ ❧❡s r❡♣❛s✱ ❧❡s ❞✐✲
♠❛♥❝❤❡s s♣♦rt✐❢s✱ ❧❡s ✇❡❡❦✲❡♥❞s ❛✉ s❦✐✱ ❡t ♣❧✉s s✐♠♣❧❡♠❡♥t✱ ♣♦✉r ✈♦tr❡ ❛♠✐t✐é ❡t ✈♦tr❡ ♣rés❡♥❝❡✳
▼❛✐s ❥❡ ♥❡ s❛✉r❛✐s ♥❡ r❡♠❡r❝✐❡r q✉❡ ❧❡s ♣❛r✐s✐❡♥s✱ ❡t ❥❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t t♦✉s ❝❡s ❛♠✐s
r❡♥❝♦♥trés ❛✉ ▼✷ ❆str♦✱ ❡t q✉❡ ❥✬❛✐ r❡✈✉ ♣❡♥❞❛♥t ♠❛ t❤ès❡ ✿ ❙✐❤❛♥❡✱ ❙❤❛♥✱ ❙t❡❢❛♥♦✱ ❨❛♥♥✱
▼❛r②❛♠❡✱ ▲♦♥❣✱ ❈é❧✐♥❡✱ ❉❛✈✐❞✱ ❏♦♥❛t❤❛♥✱ ●✉✐t♦✉✱ ❆♥♥❡✲▲✐s❡✱ ▲✐♦♥❡❧✱ ❑❡✈✐♥✱ ❈é❞r✐❝✱ ❆❧❡①✐s✱
❇r✉♥♦✱ P❡t❛r✱ ❲❛❧t❡r✱ ❋r❛♥ç♦✐s❡✱ ▼♦r❣❛♥✱ ❈❧♦t✐❧❞❡✱ ◗✉❡♥t✐♥✳ ◆♦✉s s♦♠♠❡s ❧❛ ♠❡✐❧❧❡✉r❡ ♣r♦♠♦
❞✉ ♠♦♥❞❡ ✦ ❏❡ ✈♦✉s ❛❞♦r❡✱ ❞♦✐s✲❥❡ ❧❡ ♣ré❝✐s❡r ❄ ❍♦rs ❞❡ q✉❡st✐♦♥ q✉✬♦♥ ♣❡r❞❡ ❝♦♥t❛❝t✱ s❛❝❤❡③✲❧❡ ✦
P❡♥❞❛♥t ♠❛ t❤ès❡✱ ❥✬❛✐ ♣❛rt✐❝✐♣é à ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❢ér❡♥❝❡ ❊❧❜❡r❡t❤ ❞❡s ❞♦❝t♦r❛♥ts
❞❡ ❧✬➱❝♦❧❡ ❞♦❝t♦r❛❧❡✳ ❈❡❧❛ ❢✉t ❛✉ss✐ ❧✬♦❝❝❛s✐♦♥ ❞❡ ❜❡❧❧❡s r❡♥❝♦♥tr❡s✱ ❡t ❥❡ r❡♠❡r❝✐❡ ❝❡❧❧❡s ❡t ❝❡✉①
q✉✐ ♦♥t ♣❛rt✐❝✐♣é à ❝❡tt❡ ♦r❣❛♥✐s❛t✐♦♥ ❡♥ ✷✵✶✵ ❡t ✷✵✶✶✱ ❞✬❛✈♦✐r r❡♥❞✉ ❧❡ tr❛✈❛✐❧ ❞✬♦r❣❛♥✐s❛✲
t✐♦♥ s✐ ❛❣ré❛❜❧❡ ❡t ✐♥str✉❝t✐❢✳ ❏✬❛✐ é❣❛❧❡♠❡♥t été r❡♣rés❡♥t❛♥t ❞♦❝t♦r❛♥t à ❧✬➱❝♦❧❡ ❞♦❝t♦r❛❧❡✱
❡t ❥❡ r❡♠❡r❝✐❡ ♠❡s q✉❛tr❡ ❝♦♠♣èr❡s ✿ ❑❡✈✐♥✱ ▼é❧❛♥✐❡✱ ❈é❞r✐❝ ❡t ❆❧❡①✐s✳ ❏❡ ❝r♦✐s q✉✬♦♥ ❛ ❢❛✐t
❞✉ ❜♦♥ ❜♦✉❧♦t✱ t♦✉s ❡♥s❡♠❜❧❡✳ ❆✈❡❝ ♥♦t❛♠♠❡♥t ❧❛ ❝ré❛t✐♦♥ ❞❡ ❧✬❛ss♦❝✐❛t✐♦♥ ❆❯❉❉❆❙✳ ❙✐ ❥❡
♥✬❛✐ ♣✉ ♠✬② ✐♥✈❡st✐r✱ ❡❧❧❡ ❛✉r❛ ❛✉ss✐ été ❧✬♦❝❝❛s✐♦♥ ❞❡ ❜❡❧❧❡s r❡♥❝♦♥tr❡s✳ ❏❡ ✈♦✉❞r❛✐s ♥♦t❛♠♠❡♥t
❝✐t❡r ▲♦ï❝ ❡t ■rè♥❡ ✿ ❝❡ ❢✉t ✉♥❡ très ❛❣ré❛❜❧❡ s✉r♣r✐s❡ ♣♦✉r ♠♦✐ q✉❡ ❞✬êtr❡ ✐♥✈✐té à ✈♦tr❡ ♠❛r✐❛❣❡✳
❏❡ ✈♦✉❞r❛✐s é❣❛❧❡♠❡♥t r❡♠❡r❝✐❡r t♦✉s ♠❡s ❛♠✐s q✉❡ ❥✬❛✐ ❝♦♥♥✉ ❡♥ ❞❡❤♦rs ❞✉ ♠♦♥❞❡ ❞❡ ❧✬❛s✲
tr♦♣❤②s✐q✉❡✱ ❡t q✉❡ ❥✬❛✐ tr♦♣ ♣❡✉ ✈✉ ❝❡s ❞❡r♥✐❡rs t❡♠♣s ❀ s❛♥s ♣♦✉✈♦✐r t♦✉s ❧❡s ❝✐t❡r✱ ❥❡ t✐❡♥s
q✉❛♥❞ ♠ê♠❡ à ♠❡♥t✐♦♥♥❡r ❇❡♥❥❛♠✐♥✱ ❆❞r✐❡♥ ❡t ❙é❜❛st✐❡♥✱ ◆✐❝♦❧❛s ❡t ■❤ss❡♥❡✱ ▼②❧è♥❡✱ ●✐❧❧✐❛♥❡
❡t ❙❡r✈❛♥❡✱ ❘é♠②✱ ❆✉❞r❡②✱ ❯❧r✐❝❤✱ ▲✐❧✐❛♥✱ ❛✐♥s✐ q✉❡ ❙❛✜♥❛✱ ❏✉❧✐❡♥✱ ●✉✐❧❧❛✉♠❡✱ ❏♦♥❛t❤❛♥ ❡t t♦✉t
❍❇❖✱ ❝❡tt❡ ❢♦r♠✐❞❛❜❧❡ ❛ss♦❝✐❛t✐♦♥ q✉✐ ♠✬❡♠♣ê❝❤❡ ❞❡ q✉✐tt❡r ❞é✜♥✐t✐✈❡♠❡♥t ❖rs❛②✳ ❊♥✜♥✱ ❥❡
✈♦✉❞r❛✐s ❛✉ss✐ r❡♠❡r❝✐❡r ♠❛ ❢❛♠✐❧❧❡✱ ❡t ♥♦t❛♠♠❡♥t ♠❛ ♠èr❡ ❡t ♠❡s s÷✉rs✱ ♣♦✉r ❛✈♦✐r été ❧à✱
t♦✉❥♦✉rs✱ ♣❡♥❞❛♥t ❝❡s tr♦✐s ❛♥s✳ ❏❡ ♥❡ ✈♦✉s ❛✐ ♣r♦❜❛❜❧❡♠❡♥t ♣❛s ❝♦♥s❛❝ré t♦✉t ❧❡ t❡♠♣s q✉❡ ❥❡
✈♦✉s ❞♦✐s ❝❡s ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ♠❛✐s ❥✬❡♥t❡♥❞s ❜✐❡♥ ♠❡ r❛ttr❛♣❡r✳
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❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s
❘és✉♠é ✹
❆❜str❛❝t ✻
❘❡♠❡r❝✐❡♠❡♥ts ✶✵
❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s ✶✹
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✼✳✸✳✷ ❉é✜❝✐t ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✹
❆ ❙tr✐♣♣✐♥❣ ❛ ❞❡❜r✐s ❞✐s❦ ❜② ❝❧♦s❡ st❡❧❧❛r ❡♥❝♦✉♥t❡rs ✐♥ ❛♥ ♦♣❡♥ st❡❧❧❛r ❝❧✉st❡r✶✷✼
❇ ❖❜s❡r✈❛t✐♦♥❛❧ ❝♦♥str❛✐♥ts ♦♥ st❡❛❞②✲st❛t❡ ❝♦❧❧✐s✐♦♥❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ ❞❡❜r✐s ❞✐s❦s
❛r♦✉♥❞ ▼✲❞✇❛r❢s ✶✸✺
▲✐st❡ ❞❡s t❛❜❧❡❛✉① ✶✹✼
❚❛❜❧❡ ❞❡s ✜❣✉r❡s ✶✹✽
❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✺✶
✶✺

❈❤❛♣✐tr❡ ✶
■♥tr♦❞✉❝t✐♦♥
▲♦♥❣t❡♠♣s✱ ❧❛ ✈✐s✐♦♥ ❞♦♠✐♥❛♥t❡ ❞❡ ❧✬❯♥✐✈❡rs ❢✉t ❝❡❧❧❡ ❞❡ q✉❡❧q✉❡s ♣❧❛♥èt❡s t♦✉r♥❛♥t ❛✉t♦✉r
❞✬✉♥❡ ❚❡rr❡ ❝❡♥tr❛❧❡✱ ❡t ❞✬✉♥❡ ✓ s♣❤èr❡ ❞❡s ✜①❡s ✔✱ ❡♥t♦✉r❛♥t ❧✬❡♥s❡♠❜❧❡✱ ❝♦♥t❡♥❛♥t ❝❡s ❛str❡s
❞✉ ❝✐❡❧ q✉✐ s❡♠❜❧❛✐❡♥t ♥❡ ♣❛s ❜♦✉❣❡r✳ ❯♥ t❡❧ ❯♥✐✈❡rs ét❛✐t r❡❧❛t✐✈❡♠❡♥t ♣❡t✐t✱ ❡t ♥❡ ❧❛✐ss❛✐t ♣❛s
❞❡ ♣❧❛❝❡s ♣♦✉r ❞✬é✈❡♥t✉❡❧s ❛✉tr❡s ♠♦♥❞❡s✳ ▲❡s ♠♦❞è❧❡s ❞✬❯♥✐✈❡rs ❝♦♥❝✉rr❡♥ts✱ q✉✐ ✜♥✐r❡♥t ♣❛r
tr✐♦♠♣❤❡r✱ ♥❡ ♣❧❛ç❛✐❡♥t ♣❛s s❡✉❧❡♠❡♥t ❧❡ ❙♦❧❡✐❧ ❛✉ ❝❡♥tr❡ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ✿ ✐❧s ❛❜♦❧✐r❡♥t ❧❛
✓ s♣❤èr❡ ❞❡s ✜①❡s ✔✱ ❝♦♥s✐❞ér❛♥t✱ à ❥✉st❡ t✐tr❡✱ q✉❡ ❧❡s ét♦✐❧❡s ét❛✐❡♥t ❞❡s ♦❜❥❡ts s❡♠❜❧❛❜❧❡s ❛✉
❙♦❧❡✐❧✱ s✐t✉és ❡①trê♠❡♠❡♥t ❧♦✐♥✳ ❙❡ ♣♦s❛ ❛❧♦rs ♥❛t✉r❡❧❧❡♠❡♥t ❧✬❤②♣♦t❤ès❡ ❞✬❛✉tr❡s ♠♦♥❞❡s✱ ♣❧✉s
♦✉ ♠♦✐♥s s❡♠❜❧❛❜❧❡s ❛✉ ♥ôtr❡✱ ❛✉t♦✉r ❞❡ ❝❡s ét♦✐❧❡s✳
❉é❥à é♠✐s❡ ♣❛r ❉é♠♦❝r✐t❡ ❞❛♥s ❧✬❆♥t✐q✉✐té✱ r❡♣r✐s❡ ♣❛r ●✐♦r❞❛♥♦ ❇r✉♥♦ ❛✉ ❳❱■❡ s✐è❝❧❡✱
♣♦♣✉❧❛r✐sé❡ ♣❛r ❇❡r♥❛r❞ ❞❡ ❋♦♥t❡♥❡❧❧❡ ❛✉ s✐è❝❧❡ s✉✐✈❛♥t✱ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ♣❧✉r❛❧✐té ❞❡s ♠♦♥❞❡s✱
❡t ❞❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❧❛ ✈✐❡ s✉r ❝❡s ♠♦♥❞❡s✱ ♥✬❛ ❞❡♣✉✐s ❝❡ssé ❞✬✐♥tér❡ss❡r ❧✬❤✉♠❛♥✐té✳ ❆✉ ❢✉r ❡t
à ♠❡s✉r❡ ❞❡s ♣r♦❣rès ❞❡ ❧❛ s❝✐❡♥❝❡ ❡t ❞❡ ❧✬❛♠é❧✐♦r❛t✐♦♥ ❞❡s ♠♦②❡♥s ❞✬♦❜s❡r✈❛t✐♦♥✱ ❧✬❤✉♠❛♥✐té
❞é❝♦✉✈r✐t ❧✬❡①trê♠❡ ❞✐✈❡rs✐té ❞❡s ♦❜❥❡ts ❝é❧❡st❡s✱ ♠❛✐s ✐❧ ❢❛❧❧✉t ❛tt❡♥❞r❡ ❧❡s ❛♥♥é❡s ✶✾✽✵ ♣♦✉r
q✉✬✉♥ ♦❜❥❡t ❞❡ ♥❛t✉r❡ ♥♦♥ st❡❧❧❛✐r❡ ❢ût ❞é❝♦✉✈❡rt ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣r♦❝❤❡ ❞✬✉♥❡ ét♦✐❧❡ ✿
✉♥ ❞✐sq✉❡ ❞❡ ♣♦✉ss✐èr❡✱ ❛✉t♦✉r ❞❡ ❧❛ ❜r✐❧❧❛♥t❡ ét♦✐❧❡ ❱é❣❛✳ ❉✐① ❛♥s ♣❧✉s t❛r❞✱ ❧❡s ♣r❡♠✐èr❡s
♣❧❛♥èt❡s ❡①tr❛s♦❧❛✐r❡s ét❛✐❡♥t ❞ét❡❝té❡s✳ ❈❡s ❞é❝♦✉✈❡rt❡s ♦♥t ♦✉✈❡rt à ❧✬❛str♦♣❤②s✐q✉❡ t♦✉t ✉♥
❝❤❛♠♣ ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s✳ ▲✬ét✉❞❡ ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts st❡❧❧❛✐r❡s✱ à ❞✐✛ér❡♥ts st❛❞❡s ❞❡
❧❛ ✈✐❡ ❞❡s ét♦✐❧❡s✱ ❡t ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡ ❙②stè♠❡ s♦❧❛✐r❡✱ ♦✉✈r❡✱ ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s✱ ❞❡s
ré♣♦♥s❡s s❝✐❡♥t✐✜q✉❡s à ❝❡tt❡ q✉❡st✐♦♥ ❞❡ ❧❛ ♣❧✉r❛❧✐té ❞❡s ♠♦♥❞❡s q✉✐ t❛r❛✉❞❡ ❧✬❡s♣r✐t ❤✉♠❛✐♥✳
✶✳✶ ❋♦r♠❛t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
❙❡❧♦♥ ❧❡ s❝é♥❛r✐♦ ❞❡ ❧❛ ♥é❜✉❧❡✉s❡ ♣r✐♠✐t✐✈❡ ❢♦r♠✉❧é ♣❛r ▲❛♣❧❛❝❡ ❡t ❝♦♥✜r♠é ❞❡ ♠✉❧t✐♣❧❡s
♠❛♥✐èr❡s ❞❡♣✉✐s✱ ❧❡s ét♦✐❧❡s s❡ ❢♦r♠❡♥t ♣❛r ❡✛♦♥❞r❡♠❡♥t ❣r❛✈✐t❛t✐♦♥♥❡❧ ❞✬✉♥ ♥✉❛❣❡ ❞❡ ❣❛③ ❡t ❞❡
♣♦✉ss✐èr❡✳ ▲✬❛✉t♦✲❣r❛✈✐té ❞❡ ❝❡ ♥✉❛❣❡ ❧✬❛♠è♥❡ à s❡ ❝♦♥tr❛❝t❡r ❡t à s❡ ❢r❛❣♠❡♥t❡r ❡♥ ♣❧✉s✐❡✉rs
❝÷✉rs ♣r♦t♦st❡❧❧❛✐r❡s✱ q✉✐ s❡ ❝♦♥tr❛❝t❡♥t à ❧❡✉r t♦✉r✳ P♦✉r ❞❡s r❛✐s♦♥s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞✉ ♠♦✲
♠❡♥t ❝✐♥ét✐q✉❡✱ ❝❤❛❝✉♥ ❞❡ ❝❡s ❝÷✉rs ✈❛ ❛❧♦rs s✬❛♣❧❛t✐r ❡t ♣r❡♥❞r❡ ❧❛ ❢♦r♠❡ ❞✬✉♥ ❞✐sq✉❡ ❞✬❛❝❝ré✲
t✐♦♥✱ ❞✉ ❝❡♥tr❡ ❞✉q✉❡❧ é♠❡r❣❡ ❞❡s ❥❡ts très ♣✉✐ss❛♥ts✳ ❆✉ ❝❡♥tr❡ ❞❡ ❝❡ ❞✐sq✉❡✱ ❧✬❛❝❝✉♠✉❧❛t✐♦♥
❞❡ ♠❛t✐èr❡ ❢❛✐t ♠♦♥t❡r ❧❛ ❞❡♥s✐té ❡t ❧❛ t❡♠♣ér❛t✉r❡✱ ❞♦♥♥❛♥t ♥❛✐ss❛♥❝❡ à ✉♥❡ ♣r♦t♦ét♦✐❧❡✱ q✉✐
❞❡✈✐❡♥t ✉♥❡ ét♦✐❧❡ ❧♦rsq✉❡ ❧❡s ré❛❝t✐♦♥s ♥✉❝❧é❛✐r❡s s✬② ❛❧❧✉♠❡♥t✳ ❆✉t♦✉r ❞❡ ❝❡tt❡ ét♦✐❧❡✱ ❧❡s r❡st❡s
❞✉ ❞✐sq✉❡ ❞✬❛❝❝rét✐♦♥ ❢♦r♠❡♥t ✉♥ ❞✐sq✉❡ ♣r♦t♦♣❧❛♥ét❛✐r❡✳
▲❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s s♦♥t ❝♦♥st✐t✉és ❞❡ ❣❛③ ❡t ❞❡ ♣♦✉ss✐èr❡✳ ▲❡✉r ♠❛ss❡ ❡st ❞❡ ❧✬♦r❞r❡
✶✼
❋✐❣✉r❡ ✶✳✶ ✕ ▲❡s ♣r✐♥❝✐♣❛❧❡s ét❛♣❡s ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡
✶✽
❞✬✉♥ ❝❡♥t✐è♠❡ ❞❡ ❧❛ ♠❛ss❡ ❞✉ ❙♦❧❡✐❧✳ ▲❡s ♣♦✉ss✐èr❡s r❡♣rés❡♥t❡♥t ❡♥✈✐r♦♥ ✶ ✪ ❞❡ ❝❡tt❡ ♠❛ss❡
t♦t❛❧❡✱ s♦✐t ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ tr❡♥t❛✐♥❡ ❞❡ ♠❛ss❡s t❡rr❡str❡s✳ ▲❡✉rs ❞✐♠❡♥s✐♦♥s s♦♥t ✈❛r✐❛❜❧❡s✱
t②♣✐q✉❡♠❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ❝❡♥t❛✐♥❡s ❞✬❯❆ ✭✉♥✐tés ❛str♦♥♦♠✐q✉❡s✮✳ ❉❡ ♣❛r ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s
❛✈❡❝ ❧❡ ❣❛③✱ ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡✱ ✐♥✐t✐❛❧❡♠❡♥t ❞❡ t❛✐❧❧❡ s✉❜♠✐❝r♦♠étr✐q✉❡✱ s❡ ❝♦♥❝❡♥tr❡♥t
❞❛♥s ❧❡ ♣❧❛♥ ♠é❞✐❛♥✱ ♣✉✐s ♠✐❣r❡♥t✱ r❛❞✐❛❧❡♠❡♥t✱ ✈❡rs ❧✬✐♥tér✐❡✉r ❞✉ ❞✐sq✉❡ ✭❲❡✐❞❡♥s❝❤✐❧❧✐♥❣✱
✶✾✼✼ ❀ ◆❛❦❛❣❛✇❛ ❡t ❛❧✳✱ ✶✾✽✻✮✳ P❡♥❞❛♥t ❝❡ t❡♠♣s✱ ✐❧s ❛❝❝rèt❡♥t✱ ❝✬❡st✲à✲❞✐r❡ q✉✬✐❧s s✬❛❣❣❧♦♠èr❡♥t
❡♥ ❣r❛✐♥s ❞❡ ♣❧✉s ❡♥ ♣❧✉s ❣r♦s✱ ❛❧♦rs ♥♦♠♠és ♣❧❛♥étés✐♠❛✉①✱ ❡t r❡ss❡♥t❡♥t ❞❡ ❝❡ ❢❛✐t ♠♦✐♥s ❧❛
❢r✐❝t✐♦♥ ❞✉ ❣❛③✳ ❈❡rt❛✐♥❡s ét❛♣❡s ❞❡ ❝❡ ♣r♦❝❡ss✉s ❞✬❛❝❝rét✐♦♥ s♦♥t ❡♥❝♦r❡ très ♠❛❧ ❝♦♠♣r✐s❡s✱
♥♦t❛♠♠❡♥t ♣♦✉r q✉❡ ❧❡s ♣❧❛♥étés✐♠❛✉① ❞é♣❛ss❡♥t ✉♥❡ t❛✐❧❧❡ ❞❡ ❧✬♦r❞r❡ ❞✉ ♠ètr❡ ✭❉♦♠✐♥✐❦ ❛♥❞
❉✉❧❧❡♠♦♥❞✱ ✷✵✵✽ ❀ ❇r❛✉❡r ❡t ❛❧✳✱ ✷✵✵✽ ❀ ❇✐r♥st✐❡❧ ❡t ❛❧✳✱ ✷✵✶✷ ❀ ▲❛✐❜❡ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❈✬❡st ❛✐♥s✐✱
♣❛r ❛❝❝rét✐♦♥✱ q✉❡ s❡ ❢♦r♠❡♥t ❧❡s ♣❧❛♥èt❡s t❡❧❧✉r✐q✉❡s✳ ▲❡s ♣❧❛♥èt❡s ❣❛③❡✉s❡s ♣❡✉✈❡♥t s❡ ❢♦r♠❡r
❞❡ ❞❡✉① ♠❛♥✐èr❡s✱ s♦✐t ♣❛r ❛❝❝rét✐♦♥ ❞✉ ❣❛③ s✉r ✉♥❡ ♣r♦t♦♣❧❛♥èt❡ s♦❧✐❞❡ s✉✣s❛♠♠❡♥t ♠❛ss✐✈❡
✭❧❡ ✓ ❝♦r❡ ❛❝❝r❡t✐♦♥ ♠♦❞❡❧ ✔✮✱ s♦✐t ♣❛r ❢r❛❣♠❡♥t❛t✐♦♥ ❞✉ ❞✐sq✉❡ ❞❡ ❣❛③ ♣❛r ✐♥st❛❜✐❧✐té ❣r❛✈✐t❛✲
t✐♦♥♥❡❧❧❡✳
❋✐❣✉r❡ ✶✳✷ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s✐♠♣❧✐✜é❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ s②stè♠❡ s♦❧❛✐r❡
▲❡ ❣❛③ ❞❛♥s ❧❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s ❡st é✈❛❝✉é ♣❛r ❞✐✈❡rs ♣r♦❝❡ss✉s ✭✈❡♥ts st❡❧❧❛✐r❡s✱
♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥✱ ♣❤♦t♦é✈❛♣♦r❛t✐♦♥✱ ❛❝❝rét✐♦♥ ✈✐sq✉❡✉s❡✮ ❡♥ q✉❡❧q✉❡s ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳
▲♦rsq✉❡ ❧❡ s②stè♠❡ st❡❧❧❛✐r❡ ❡st ✈✐❞é ❞❡ s♦♥ ❣❛③ ♥♦♥ ❛❝❝rété✱ s✉❜s✐st❡♥t ❛❧♦rs✱ ♦✉tr❡ ❧❛ ♦✉ ❧❡s
ét♦✐❧❡s ❡t ❧❡s é✈❡♥t✉❡❧❧❡s ♣❧❛♥èt❡s✱ ❧❡s ♣❧❛♥étés✐♠❛✉① q✉✐ ♥✬♦♥t été ♥✐ ❛❝❝rétés ♥✐ é❥❡❝tés ✿ ✐❧s
❢♦r♠❡♥t ❝❡ q✉✬♦♥ ❛♣♣❡❧❧❡ ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳
▲❛ ♣♦✉ss✐èr❡ ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛ ❡❧❧❡ ❛✉ss✐ ✉♥❡ ❞✉ré❡ ❞❡ ✈✐❡ ❧✐♠✐té❡✳ ❊♥ ❡✛❡t✱ ❧❛
♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥ st❡❧❧❛✐r❡ ✱ ❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥ ❡t ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❣r❛✐♥s ❞étr✉✐✲
s❡♥t ♦✉ é✈❛❝✉❡♥t ❧❡s ♣❧✉s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ s✉r ❞❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡
✶✾
❧❛ ❞✐③❛✐♥❡ ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ♣♦✉ss✐èr❡ ❛✉t♦✉r ❞✬ét♦✐❧❡s ♣❧✉s â❣é❡s ✐♥❞✐q✉❡
✉♥ ♣r♦❝❡ss✉s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ q✉✐ ❝♦♥t✐♥✉❡ ♣❡♥❞❛♥t ❧❛ ✈✐❡ ❞❡ ❧✬ét♦✐❧❡ ✿ ❧❡s ❝♦❧❧✐s✐♦♥s
❡♥tr❡ ❧❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❣é♥èr❡♥t ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✱ q✉✐ ❛❜♦✉t✐t à ❧❛
❢♦r♠❛t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞ét❡❝t❛❜❧❡s ❞❡♣✉✐s ❧❛ ❚❡rr❡ ✿ ❝❡tt❡ ♣♦✉ss✐èr❡✱ ❞✐t❡ ❞❡ s❡❝♦♥❞❡ ❣é♥ér❛t✐♦♥✱
s❡rt ❞♦♥❝ ❞✬✐♥❞✐❝❛t❡✉r ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬♦❜❥❡ts ♣❧✉s ❣r♦s✱ ✐♥✈✐s✐❜❧❡s à ♥♦s ✐♥str✉♠❡♥ts✳
✶✳✷ ❉ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡t ❞❡s ❡①♦♣❧❛♥èt❡s
✶✳✷✳✶ ❉ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
▲❛ ♠ét❤♦❞❡ ❧❛ ♣❧✉s ❡✣❝❛❝❡ ♣♦✉r ❞ét❡❝t❡r ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❡st ❧✬♦❜s❡r✈❛t✐♦♥✱ ♣❛r ♣❤♦✲
t♦♠étr✐❡ ♦✉ ♣❛r s♣❡❝tr♦s❝♦♣✐❡✱ ❞✬✉♥ ❡①❝ès ❛✉✲❞❡ss✉s ❞❡ ❧✬é♠✐ss✐♦♥ ❛tt❡♥❞✉❡ ❞❡ ❧❛ ♣❤♦t♦s♣❤èr❡
st❡❧❧❛✐r❡✳ ▲❛ ♣♦✉ss✐èr❡ ♣rés❡♥t❡ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ❡st ❡♥ éq✉✐❧✐❜r❡ t❤❡r♠✐q✉❡ ❛✈❡❝ ❧❡s r❛❞✐❛✲
t✐♦♥s st❡❧❧❛✐r❡s✳ ▲❛ ❧✉♠✐èr❡ st❡❧❧❛✐r❡ ❛❜s♦r❜é❡ ♣❛r ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡s ❡st ❞♦♥❝ réé♠✐s❡ à ✉♥❡
❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞é♣❡♥❞❛♥t ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡s ❣r❛✐♥s✱ s❡❧♦♥ ❧❛ ❧♦✐ ❞❡ ❲✐❡♥✳ ➚ ✉♥❡ ❞✐st❛♥❝❡
❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞✬❯❆ ❞❡ ❧✬ét♦✐❧❡✱ ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ♦♥t ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ q✉❡❧q✉❡s
❞✐③❛✐♥❡s ❞❡ ❦❡❧✈✐♥s✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥❡ é♠✐ss✐♦♥ ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ❧♦✐♥t❛✐♥✳ ➚ ❝❡s ❧♦♥❣✉❡✉rs
❞✬♦♥❞❡✱ ❧✬é♠✐ss✐♦♥ t❤❡r♠✐q✉❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡ ♣❡✉t êtr❡ ❝♦♠♣❛r❛❜❧❡✱ ✈♦✐r❡ ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡
❧✬é♠✐ss✐♦♥ ♣❤♦t♦s♣❤ér✐q✉❡ ❞❡ ❧✬ét♦✐❧❡✱ ❡t êtr❡ ❛✐♥s✐ ❞ét❡❝té❡✳ ▲❛ ♣♦✉ss✐èr❡ ♣❧✉s ❢r♦✐❞❡ ♣❡✉t êtr❡
❞ét❡❝té❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ s✉❜♠✐❧❧✐♠étr✐q✉❡✳
❍✐st♦r✐q✉❡♠❡♥t✱ ❧❛ t♦✉t❡ ♣r❡♠✐èr❡ ❞ét❡❝t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❡①tr❛s♦❧❛✐r❡ ❡✉t ❧✐❡✉ ❞❡
❝❡tt❡ ♠❛♥✐èr❡ ❡♥ ✶✾✽✸✱ ❧♦rsq✉❡ q✉❡ ❧❡ s❛t❡❧❧✐t❡ ❞✬♦❜s❡r✈❛t✐♦♥ ✐♥❢r❛r♦✉❣❡ ■❘❆❙ ❞ét❡❝t❛ ✉♥ ❡①❝ès
❞❡ ✢✉① ✐♥❢r❛r♦✉❣❡ ❡♥ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬ét♦✐❧❡ ❱é❣❛✱ q✉✐ s❡r✈❛✐t ❛❧♦rs ❞❡ ❝❛❧✐❜r❛t❡✉r ♣♦✉r ❧❛ ♣❤♦✲
t♦♠étr✐❡ st❡❧❧❛✐r❡ ✭❆✉♠❛♥♥ ❡t ❛❧✳✱ ✶✾✽✹✮✳ ❈❡ q✉✬♦♥ ❛♣♣❡❧❛ ❛❧♦rs ❧❡ ✓ ❱❡❣❛ ♣❤❡♥♦♠❡♥♦♥ ✔ s✬❡st
❡♥s✉✐t❡ ré✈é❧é très ❝♦♠♠✉♥ ✿ ❡♥✈✐r♦♥ ✶✺ ✪ ❞❡s ét♦✐❧❡s ❞❡ t②♣❡s ❆❋●❑ ♦❜s❡r✈é❡s ♣❛r ■❘❆❙ ♠♦♥✲
tr❛✐❡♥t ✉♥ t❡❧ ❡①❝ès ✐♥❢r❛r♦✉❣❡✱ très ✈✐t❡ ✐♥t❡r♣rété ❝♦♠♠❡ ✐ss✉ ❞❡ ♣♦✉ss✐èr❡s ❝✐r❝✉♠st❡❧❧❛✐r❡s
✭▲❛❣r❛♥❣❡ ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❉✬❛✉tr❡s ✐♥str✉♠❡♥ts✱ t❡❧s ■❙❖✱ ❙♣✐t③❡r✱ ❧❡ ❏❈▼❚ ♦✉ ♣❧✉s ré❝❡♠♠❡♥t
❍❡rs❝❤❡❧ ♦♥t ♣❡r♠✐s ❞❡ ❞ét❡❝t❡r ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ ❞❛♥s ❧❡s ❞♦♠❛✐♥❡s ❞❡
❧✬✐♥❢r❛r♦✉❣❡ ❧♦✐♥t❛✐♥ ❡t ❞✉ s✉❜♠✐❧❧✐♠étr✐q✉❡✳
❯♥❡ ❛✉tr❡ ♠ét❤♦❞❡ ❞❡ ❞ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡st ❧✬✐♠❛❣❡r✐❡ ❞❡s ❞✐sq✉❡s✱ q✉❡ ❝❡ s♦✐t
♣❛r ✐♠❛❣❡r✐❡ ❞✐r❡❝t❡✱ ✐♥t❡r❢ér♦♠étr✐❡✱ ❝♦r♦♥♦❣r❛♣❤✐❡✱ ❡t❝✳ ▲❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❧❡s ♣❧✉s ❜r✐❧✲
❧❛♥ts ❡t✴♦✉ ❧❡s ♣❧✉s ét❡♥❞✉s ♦♥t ♣✉ êtr❡ rés♦❧✉✱ ♣❛r❢♦✐s ❞❛♥s ♣❧✉s✐❡✉rs ❞♦♠❛✐♥❡s ❞❡ ❧♦♥❣✉❡✉rs
❞✬♦♥❞❡ ✿ ❧❛ ❧✉♠✐èr❡ st❡❧❧❛✐r❡ ❞✐✛✉sé❡ ❡st ❛❝❝❡ss✐❜❧❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ✈✐s✐❜❧❡✱ t❛♥❞✐s q✉❡ ❧✬é♠✐s✲
s✐♦♥ t❤❡r♠✐q✉❡ ❞❡s ❣r❛✐♥s s✬♦❜s❡r✈❡ ❞❡ ❧✬✐♥❢r❛r♦✉❣❡ ❧♦✐♥t❛✐♥ ❥✉sq✉✬❛✉ ❞♦♠❛✐♥❡ ♠✐❧❧✐♠étr✐q✉❡✳
❯♥❡ q✉❛r❛♥t❛✐♥❡ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♦♥t été rés♦❧✉s ✭s♦✉r❝❡ ✿ ✇✇✇✳❝✐r❝✉♠st❡❧❧❛r❞✐s❦s✳♦r❣✱
❝♦♥s✉❧té ❧❡ ✷✺ s❡♣t❡♠❜r❡ ✷✵✶✸✮✱ ♣❛r♠✐ ❧❡sq✉❡❧s ❝❡rt❛✐♥s ❞✐sq✉❡s ❢❛♠❡✉①✱ t❡❧s β P✐❝t♦r✐s✱ ❱é❣❛✱
❋♦♠❛❧❤❛✉t ✭✈♦✐r ✜❣✉r❡ ✶✳✺✮✱ ǫ ❊r✐❞❛♥✐ ✭✈♦✐r ✜❣✉r❡ ✶✳✸✮ ♦✉ ❆❯ ▼✐❝r♦s❝♦♣✐✐ ✭✈♦✐r ✜❣✉r❡ ✶✳✻✮✳
▲✬✐♠❛❣❡ rés♦❧✉❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞♦♥♥❡ ❛❝❝ès à s❛ str✉❝t✉r❛t✐♦♥ ✐♥t❡r♥❡✳
▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s t❛✐❧❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t ❣r❛✐♥s ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s s✉✐t ✉♥❡
❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡✱ ❞♦♥t ❧✬❡①♣♦s❛♥t ✈❛✉t −✸✱✺ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ✭❉♦❤♥❛♥②✐✱
✶✾✻✾✮ ❡t ❡st ❡st✐♠é à ✲✹ ♣♦✉r ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ✭❉♦♥♥✐s♦♥✱ ✷✵✵✻ ❀ ❙❝❤❧✐❝❤t✐♥❣ ❛♥❞ ❙❛r✐✱ ✷✵✶✶
❀ ❑❡♥②♦♥ ❛♥❞ ❇r♦♠❧❡②✱ ✷✵✶✷✮✳ ▲❡ r❛♣♣♦rt ✈♦❧✉♠❡✴s✉r❢❛❝❡ ❞✬✉♥ ♣❧❛♥étés✐♠❛❧ ❛✉❣♠❡♥t❛♥t ❛✈❡❝
s❛ t❛✐❧❧❡✱ ❝❡ s♦♥t ❞♦♥❝ ❧❡s ❣r♦s ♣❧❛♥étés✐♠❛✉① q✉✐ r❡♣rés❡♥t❡♥t ❧✬❡ss❡♥t✐❡❧ ❞✉ ✈♦❧✉♠❡✱ ❡t ❞♦♥❝ ❞❡
❧❛ ♠❛ss❡✱ ❞✉ ❞✐sq✉❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❝❡ s♦♥t ❧❡s ♣❧✉s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ q✉✐ r❡♣rés❡♥t❡♥t
❧✬❡ss❡♥t✐❡❧ ❞❡ ❧❛ s✉r❢❛❝❡ é♠✐ttr✐❝❡✱ ❡t ❞♦♥❝ ❞❡ ❧❛ ❧✉♠✐♥♦s✐té✱ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳ ❉❡♣✉✐s ❧❛
✷✵
❋✐❣✉r❡ ✶✳✸ ✕ ■♠❛❣❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞✬❊♣s✐❧♦♥ ❊r✐❞❛♥✐✱ ♦❜s❡r✈é ❞❛♥s ❧❡ s✉❜♠✐❧❧✐♠étr✐q✉❡ ✭à ✽✺✵
µ♠✮ ♣❛r ❧❡ ❏❛♠❡s ❈❧❡r❦ ▼❛①✇❡❧❧ ❚❡❧❡s❝♦♣❡ ✭❞❡ ●r❡❛✈❡s ❡t ❛❧✳✱ ✷✵✵✺✮✳
❋✐❣✉r❡ ✶✳✹ ✕ ■♠❛❣❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞❡ ❧✬ét♦✐❧❡ ❍❉ ✷✵✼✶✷✾✱ ♦❜s❡r✈é ❞❛♥s ❧❡ s✉❜♠✐❧❧✐♠étr✐q✉❡ ✭à
✶✵✵ µ♠✮ ♣❛r ❧❡ té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❍❡rs❝❤❡❧ ✭❞❡ ▲ö❤♥❡ ❡t ❛❧✳✱ ✷✵✶✷✮✳
✷✶
❋✐❣✉r❡ ✶✳✺ ✕ ■♠❛❣❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞❡ ❋♦♠❛❧❤❛✉t✱ ♦❜s❡r✈é ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ✈✐s✐❜❧❡ ♣❛r ❧❡
té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❍✉❜❜❧❡ ✭❞❡ ❑❛❧❛s ❡t ❛❧✳✱ ✷✵✵✺✮✳
❋✐❣✉r❡ ✶✳✻ ✕ ■♠❛❣❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞❡ ❆✉ ▼✐❝r♦s❝♦♣✐✐✱ ♦❜s❡r✈é ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ✈✐s✐❜❧❡ ♣❛r ❧❡
té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❍✉❜❜❧❡ ✭❞❡ ❑r✐st ❡t ❛❧✳✱ ✷✵✵✺✮✳
✷✷
❚❡rr❡✱ ❝✬❡st ❞♦♥❝ ❧❛ ♣♦✉ss✐èr❡ q✉❡ ❧✬♦♥ ♦❜s❡r✈❡ ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ q✉✬✐❧s s♦✐❡♥t ❞ét❡❝tés
♣❛r ❡①❝ès ♣❤♦t♦♠étr✐q✉❡ ♦✉ ♣❛r ✐♠❛❣❡r✐❡✳ ❈❡tt❡ ♣♦✉ss✐èr❡ ❡st ❞♦♥❝ ✉♥ ✐♥❞✐❝❛t❡✉r ❞❡ ❧❛ ♣rés❡♥❝❡
❞❡ ♣❧❛♥étés✐♠❛✉① q✉✐ ♥♦✉s r❡st❡♥t ✐♥✈✐s✐❜❧❡s✳ ▲✬❡ss❡♥t✐❡❧ ❞❡ ❧❛ ♠❛ss❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♥❡
♥♦✉s ❡st ❞♦♥❝ ♣❛s ❞✐r❡❝t❡♠❡♥t ❛❝❝❡ss✐❜❧❡✳
✶✳✷✳✷ P❛r❛♠ètr❡s ♦❜s❡r✈❛❜❧❡s
▲❛ ♠❛❥♦r✐té ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❝♦♥♥✉s ♦♥t été ❞ét❡❝tés ♣❛r ❧✬♦❜s❡r✈❛t✐♦♥ ❞❡ ❧✬❡①❝ès ♣❤♦✲
t♦s♣❤ér✐q✉❡ ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ❧♦✐♥t❛✐♥✳ ❉❛♥s ❝❡s ❝❛s✱ ❧❛ s❡✉❧❡ s♦✉r❝❡ ❞✬✐♥❢♦r♠❛t✐♦♥ ❡st ❧❛ ❞✐s✲
tr✐❜✉t✐♦♥ s♣❡❝tr❛❧❡ ❞✬é♥❡r❣✐❡ ✭❙❊❉✮ ❞✉ ❞✐sq✉❡✳ ▲❛ ✈❛❧❡✉r ❞❡ ❧❛ ❞❡♥s✐té ❞❡ ✢✉① ♥✬ét❛♥t ❝♦♥♥✉❡
q✉✬à ❝❡rt❛✐♥❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ✭♣❛r❢♦✐s ❥✉st❡ ✉♥❡ ♦✉ ❞❡✉①✮✱ ✉♥ ♠♦❞è❧❡ s✐♠♣❧✐✜é ❞❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s ❡st ♥é❝❡ss❛✐r❡✳ ▲❛ ❙❊❉ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❡st ❞♦♥❝ s♦✉✈❡♥t✱ ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛✲
t✐♦♥✱ ❞é❝r✐t❡ ❝♦♠♠❡ ❝❡❧❧❡ ❞✬✉♥ ❝♦r♣s ♥♦✐r à ✉♥❡ ✉♥✐q✉❡ t❡♠♣ér❛t✉r❡✳ ▲❡s ❞❡✉① ♣❛r❛♠ètr❡s ❢♦♥✲
❞❛♠❡♥t❛✉① ♦❜s❡r✈❛❜❧❡s ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s s♦♥t ❛❧♦rs ❧❛ t❡♠♣ér❛t✉r❡✱ ❞é❞✉✐t❡ ❞❡ ❧❛ ❧♦♥❣✉❡✉r
❞✬♦♥❞❡ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♠❛①✐♠✉♠ ❞❡ ❧❛ ❙❊❉✱ ❡t ❧❛ ❧✉♠✐♥♦sté ❢r❛❝t✐♦♥♥❛✐r❡ ✭❝♦✈❡r✐♥❣ ❢r❛❝t✐♦♥✮✱
❞é✜♥✐❡ ❝♦♠♠❡ ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ ❧✉♠✐♥♦s✐té ❞❡ ❧❛ ♣♦✉ss✐èr❡ ❞✉ ❞✐sq✉❡ ✭❞✉❡ à s♦♥ é♠✐ss✐♦♥ t❤❡r✲
♠✐q✉❡✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ♦✉ ❧❡ ❞♦♠❛✐♥❡ s✉❜♠✐❧❧✐♠étr✐q✉❡✮ ❡t ❧❛ ❧✉♠✐♥♦s✐té t♦t❛❧❡
❞❡ ❧✬ét♦✐❧❡ ✭❲②❛tt✱ ✷✵✵✽✮✳ ▲♦rsq✉❡ ❧❡s ❣r❛✐♥s s♦♥t à ❧✬éq✉✐❧✐❜r❡ t❤❡r♠✐q✉❡✱ ❧❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥✲
♥❛✐r❡ ❝♦rr❡s♣♦♥❞ à ❧✬❛♥❣❧❡ s♦❧✐❞❡ q✉✬✐♥t❡r❝❡♣t❡♥t ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❞✉ ❞✐sq✉❡ ✈✉s ❞❡♣✉✐s
❧✬ét♦✐❧❡ ✭❝✬❡st✲à✲❞✐r❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❧❛ ❧✉♠✐èr❡ st❡❧❧❛✐r❡ ✐♥t❡r❝❡♣té❡ ❡t réé♠✐s❡ ♣❛r ❧❡s ❣r❛✐♥s ❞❡
♣♦✉ss✐èr❡ ❞✉ ❞✐sq✉❡✱ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ét❛♥t ♦♣t✐q✉❡♠❡♥t ✜♥✮✳ ▲❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡
❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡st ✐♥❢ér✐❡✉r❡ à 10−2 ❀ ❞❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ♣❧✉s é❧❡✈é❡s ❝♦rr❡s✲
♣♦♥❞❡♥t à ❞❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s✳ ▲❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r
❡st ❡st✐♠é❡ à 10−7 ✭❱✐t❡♥s❡ ❡t ❛❧✳✱ ✷✵✶✷✮✳
❊♥ ❧✬❛❜s❡♥❝❡ ❞✬✐♠❛❣❡s rés♦❧✉❡s✱ ✐❧ ❢❛✉t ❢❛✐r❡ ❞✬❛✉tr❡s ❤②♣♦t❤ès❡s✱ s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡✱ ❧❛ ré♣❛rt✐t✐♦♥ s♣❛t✐❛❧❡ ❡t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡✱ ♣♦✉r ♣♦✉✈♦✐r ❡st✐♠❡r
❧❛ ♠❛ss❡ ❡t ❧❡s ❞✐♠❡♥s✐♦♥s ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ❖♥ ✈♦✐t ✐❝✐ t♦✉t ❧✬✐♥térêt ❞❡ ❧✬✐♠❛❣❡r✐❡ ❞❛♥s ❧❡
❝❛s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✿ ❡❧❧❡ ❞♦♥♥❡ ❛❝❝ès à ❞❡s ❝♦♥tr❛✐♥t❡s s✉♣♣❧é♠❡♥t❛✐r❡s✱ t❡❧s q✉❡ ❧❛ t❛✐❧❧❡
✭r❛②♦♥s ✐♥t❡r♥❡s ❡t ❡①t❡r♥❡s✮ ❞✉ ❞✐sq✉❡✱ ❡t ✉♥❡ é✈❡♥t✉❡❧❧❡ str✉❝t✉r❛t✐♦♥ ✐♥t❡r♥❡✳ ❉❡s ✐♠❛❣❡s à
❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❞✐✛ér❡♥t❡s ❞♦♥♥❡♥t é❣❛❧❡♠❡♥t ❛❝❝ès à ❞✐✛ér❡♥t❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❣r❛✐♥s
❞❡ ♣♦✉ss✐èr❡ ✭❡♥ t❛✐❧❧❡ ❡t ❡♥ t❡♠♣ér❛t✉r❡✮✳
✶✳✷✳✸ ▲❡s ❞✐sq✉❡s ❞✉ ❙②stè♠❡ s♦❧❛✐r❡
▲❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ r❡♣rés❡♥t❡♥t ✉♥ ❝❛s ♣❛rt✐❝✉❧✐❡r✱ ❞❛♥s ❧❛ ♠❡s✉r❡
♦ù ❧❡✉r ❞ét❡❝t✐♦♥ ❛ été ❜✐❡♥ ♣❧✉s ♣ré❝♦❝❡ q✉❡ ❝❡❧❧❡ ❞❡s ❞✐sq✉❡s ❡①tr❛s♦❧❛✐r❡s✳ ❊♥ ♣❧✉s ❞✉ ❙♦❧❡✐❧
❡t ❞❡s ❤✉✐t ♣❧❛♥èt❡s✱ ❧❡ ❙②stè♠❡ s♦❧❛✐r❡ ❝♦♠♣t❡ ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♣❡t✐ts ❝♦r♣s ✿ ❛stér♦ï❞❡s✱
❝♦♠èt❡s✱ ♣♦✉ss✐èr❡ ③♦❞✐❛❝❛❧❡✳ ❉❡✉① ❞❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♥❝❡♥tr❛t✐♦♥s ❞❡ ♣❡t✐ts ❝♦r♣s ❞✉ ❙②stè♠❡
s♦❧❛✐r❡ ♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞érés ❝♦♠♠❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✿ ❧❛ ❝❡✐♥t✉r❡ ♣r✐♥❝✐♣❛❧❡ ❞✬❛stér♦ï❞❡s
s✐t✉é❡ ❡♥tr❡ ❧❡s ♦r❜✐t❡s ❞❡ ▼❛rs ❡t ❞❡ ❏✉♣✐t❡r✱ ❡t ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r✱ ❛✉✲❞❡❧à ❞❡ ❧✬♦r❜✐t❡ ❞❡
◆❡♣t✉♥❡✱ q✉✐ s✬ét❡♥❞ ❥✉sq✉✬à ❡♥✈✐r♦♥ ✺✵ ❯❆ ❞✉ ❙♦❧❡✐❧✳ ▼❛✐s ❞✬❛✉tr❡s ❣r♦✉♣❡s ❞❡ ♣❡t✐ts ❝♦r♣s
❡①✐st❡♥t ✿ ❧❡s ❣é♦❝r♦✐s❡✉rs✱ à ❧✬✐♥tér✐❡✉r ❞❡ ❧✬♦r❜✐t❡ ❞❡ ▼❛rs✱ ♣♦✉✈❛♥t ❝r♦✐s❡r ❧✬♦r❜✐t❡ ❞❡ ❧❛ ❚❡rr❡ ❀
❧❡s ❛stér♦ï❞❡s tr♦②❡♥s✱ ❝❛♣t✉rés ❛✉① ♣♦✐♥ts ❞❡ ▲❛❣r❛♥❣❡ ▲✹ ❡t ▲✺ ❞❡ ❧✬♦r❜✐t❡ ❞✬✉♥❡ ♣❧❛♥èt❡ ✭s✉r
❧✬♦r❜✐t❡✱ à ✻✵✝❡♥ ❛✈❛❧ ❡t ❡♥ ❛♠♦♥t ❞❡ ❧❛ ♣❧❛♥èt❡✮ ✿ ♦♥ ❡♥ ❝♦♥♥❛ît ♣❧✉s✐❡✉rs ♠✐❧❧✐❡rs s✉r ❧✬♦r❜✐t❡
❞❡ ❏✉♣✐t❡r✱ ❡t q✉❡❧q✉❡s ✉♥s s✉r ❧❡s ♦r❜✐t❡s ❞❡ ▼❛rs✱ ❯r❛♥✉s ❡t ◆❡♣t✉♥❡ ❀ ❧❡s ❈❡♥t❛✉r❡s✱ é✈♦❧✉❛♥t
s✉r ❞❡s ♦r❜✐t❡s ✐♥st❛❜❧❡s ❡♥tr❡ ❏✉♣✐t❡r ❡t ◆❡♣t✉♥❡ ❀ ❡t ❧❡ ♥✉❛❣❡ ❞❡ ❖♦rt✱ rés❡r✈♦✐r ❞❡ ❝♦♠èt❡s
✷✸
✐s♦tr♦♣❡ s✬ét❡♥❞❛♥t ❥✉sq✉✬à ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs ❞✬✉♥✐tés ❛str♦♥♦♠✐q✉❡s ❞✉ ❙♦❧❡✐❧ ✭✈♦✐r
❧❡ ❝❤❛♣✐tr❡ ✸✳✷ ♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s✮✳ ❊♥✜♥✱ ❧❡ ♠✐❧✐❡✉ ✐♥t❡r♣❧❛♥ét❛✐r❡✱ à ♣r♦①✐♠✐té ❞❡ ❧✬é❝❧✐♣t✐q✉❡✱
❝♦♥t✐❡♥t ✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ✐ss✉s ❞❡s ❝♦♠èt❡s ❡t ❞❡s ❛stér♦ï❞❡s✱ q✉✐
s♦♥t à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ③♦❞✐❛❝❛❧❡✳
❙✐ ❧✬❡①✐st❡♥❝❡ ❞❡s ❝♦♠èt❡s ❡t ❞❡ ❧❛ ❧✉♠✐èr❡ ③♦❞✐❛❝❛❧❡ ❡st ❝♦♥♥✉❡ ❞❡ ❧♦♥❣✉❡ ❞❛t❡ ✭❧❛ ❧✉♠✐èr❡
③♦❞✐❛❝❛❧❡ ❡st ❝♦rr❡❝t❡♠❡♥t ✐♥t❡r♣rété❡ ❞❡♣✉✐s ❧❡ ❳❱■■❡ s✐è❝❧❡✮✱ ❧❡s ♣r❡♠✐❡rs ❛stér♦ï❞❡s ♥✬♦♥t été
❞é❝♦✉✈❡rts q✉✬❛✉ ❳■❳ ❡ s✐è❝❧❡ ✭❧❡ ♣r❡♠✐❡r✱ ❈érès✱ ❡♥ ✶✽✵✶✮✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉① ❞✐sq✉❡s ❡①tr❛✲
s♦❧❛✐r❡s✱ ✈✐s✐❜❧❡s ❣râ❝❡ à ❧❡✉rs ♣❧✉s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡✱ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞✉ ❙②stè♠❡
s♦❧❛✐r❡ ♥♦✉s s♦♥t ❝♦♥♥✉s ✈✐❛ ❧❡✉rs ♣❧✉s ❣r♦s ♦❜❥❡ts✱ ♦❜s❡r✈és ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t✳
▲❛ ❝❡✐♥t✉r❡ ♣r✐♥❝✐♣❛❧❡ ❞✬❛stér♦ï❞❡ s❡ s✐t✉❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❡♥tr❡ ✷✱✶ ❡t ✸✱✸ ❯❆ ❞✉ ❙♦❧❡✐❧✳
▲✬❛stér♦ï❞❡ ❧❡ ♣❧✉s ❣r❛♥❞ ❡st ❈érès✱ ❛✈❡❝ ✉♥ ❞✐❛♠ètr❡ ❞✬❡♥✈✐r♦♥ ✶✵✵✵ ❦♠ ❡t ✉♥ t✐❡rs ❞❡ ❧❛ ♠❛ss❡
t♦t❛❧❡ ❞❡ ❧❛ ❝❡✐♥t✉r❡✳ ❉❡✉① ❛✉tr❡s ❛stér♦ï❞❡s ❞❡ ❝❡tt❡ ❝❡✐♥t✉r❡✱ P❛❧❧❛s ❡t ❱❡st❛✱ ♦♥t ❞❡s ❞✐♠❡♥✲
s✐♦♥s q✉✐ ❞é♣❛ss❡♥t ✺✵✵ ❦♠✳ ❊♥ ❞❡çà✱ t♦✉t❡s ❧❡s t❛✐❧❧❡s s♦♥t r❡♣rés❡♥té❡s✱ ❥✉sq✉✬❛✉① ❣r❛✐♥s ❞❡
♣♦✉ss✐èr❡✳ ▲❛ ❝❡✐♥t✉r❡ ❝♦♥t✐❡♥t ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs ❞✬♦❜❥❡ts ❝♦♥♥✉s ❀ ❚❡❞❡s❝♦ ❛♥❞
❉❡s❡rt ✭✷✵✵✷✮ ❡st✐♠❡♥t à ❡♥✈✐r♦♥ ✉♥ ♠✐❧❧✐♦♥ ❧❡ ♥♦♠❜r❡ ❞✬❛stér♦ï❞❡s ❞❡ t❛✐❧❧❡ s✉♣ér✐❡✉r❡ ❛✉
❦✐❧♦♠ètr❡✳ ▲❛ ♠❛ss❡ t♦t❛❧❡ ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❡st ❡st✐♠é à 6 × 10−4 ▼⊕✳ ❊❧❧❡ ❡st ❝♦♥st✐t✉é❡ ❞❡
♣❧❛♥étés✐♠❛✉① ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ♣r✐♠✐t✐❢ q✉✐ ♥✬♦♥t ♣❛s ♣✉ ❛❝❝rét❡r ❡t ❢♦r♠❡r ✉♥❡ ♣❧❛♥èt❡
❡♥ r❛✐s♦♥ ❞❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡ ❏✉♣✐t❡r✱ ❛❧♦rs ❡♥ ♠✐❣r❛t✐♦♥✳ ▲❛ ♠❛❥♦r✐té ❞❡s
❛stér♦ï❞❡s ❞❡ ❧❛ ❝❡✐♥t✉r❡ s♦♥t ❝♦♠♣♦sés ❞❡ ♠❛tér✐❛✉① ❝❛r❜♦♥és ✭t②♣❡ ❈✮✱ ♠❛✐s ♦♥ r❡♥❝♦♥tr❡
❛✉ss✐ ❞❡s ❛stér♦ï❞❡s s✐❧✐❝❛tés ✭t②♣❡ ❙✮ ❞❛♥s ❧❛ ♣♦rt✐♦♥ ✐♥t❡r♥❡ ❞❡ ❧❛ ❝❡✐♥t✉r❡✱ ❡t é❣❛❧❡♠❡♥t ✉♥❡
♠✐♥♦r✐té ❞✬❛stér♦ï❞❡s r✐❝❤❡s ❡♥ ♠ét❛✉① ✭t②♣❡ ▼✮✳ ❉❡ ♣❛r ❧❡✉r ♣❡t✐t❡ t❛✐❧❧❡✱ ❧❡s ❛stér♦ï❞❡s ♥✬♦♥t
♣❛s ❞é✈❡❧♦♣♣é ❞✬❛❝t✐✈✐té ❣é♦❧♦❣✐q✉❡ ✐♥t❡r♥❡✱ ❡t ♦✛r❡♥t ❞♦♥❝ ❞❡s ✐♥❢♦r♠❛t✐♦♥s ❡ss❡♥t✐❡❧❧❡s s✉r ❧❡s
❝♦♥❞✐t✐♦♥s ♣❤②s✐q✉❡s ❡t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❝❤✐♠✐q✉❡ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ♣r✐♠♦r❞✐❛❧✳
▲✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ❝❡✐♥t✉r❡ ❞❡ ♣❡t✐ts ❝♦r♣s✱ ❛✉✲❞❡❧à ❞❡ ❧✬♦r❜✐t❡ ❞❡ ◆❡♣t✉♥❡✱ q✉✐ s❡r❛✐t ❧❡
rés❡r✈♦✐r ❞❡s ❝♦♠èt❡s à ❝♦✉rt❡ ♣ér✐♦❞❡✱ ❛ été ♣♦st✉❧é❡ ❡♥ ✶✾✹✸ ♣❛r ❊❞❣❡✇♦rt❤ ❡t ❡♥ ✶✾✺✶ ♣❛r
❑✉✐♣❡r✳ ❈❡tt❡ ❝❡✐♥t✉r❡ ❡st r❡sté❡ ✉♥❡ ♣ré❞✐❝t✐♦♥ t❤é♦r✐q✉❡✱ ❥✉sq✉✬à ❧❛ ❞é❝♦✉✈❡rt❡✱ ❡♥ ✶✾✾✷✱
❞✉ ♣r❡♠✐❡r ♦❜❥❡t tr❛♥s♥❡♣t✉♥✐❡♥ ✭♦✉ ❑❇❖✱ ❑✉✐♣❡r ❇❡❧t ❖❜❥❡❝t✮✱ ✶✾✾✷ ◗❇✶ ✭❏❡✇✐tt ❛♥❞ ▲✉✉✱
✶✾✾✸✮✳ P❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞✬♦❜❥❡ts ♦♥t été ❞é❝♦✉✈❡rts ❞❡♣✉✐s✳ P❧✉t♦♥✱ ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ✉♥❡
♣❧❛♥èt❡ ❞❡ s❛ ❞é❝♦✉✈❡rt❡ ❡♥ ✶✾✸✵ ❥✉sq✉✬❡♥ ✷✵✵✻✱ ❡st ❧❡ ❞❡✉①✐è♠❡ ♣❧✉s ❣r♦s ♦❜❥❡t ❞❡ ❧❛ ❝❡✐♥t✉r❡
❞❡ ❑✉✐♣❡r✱ ❛♣rès ➱r✐s✳ ❉❡✉① ❛✉tr❡s ♣❧❛♥èt❡s ♥❛✐♥❡s✱ ▼❛❦é♠❛❦é ❡t ❍❛✉♠é❛✱ s♦♥t é❣❛❧❡♠❡♥t ❞❡s
❑❇❖✳ ▲❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ❝♦♥t✐❡♥❞r❛✐t ♣❧✉s ❞❡ ✼✵ ✵✵✵ ❝♦r♣s ❞❡ ♣❧✉s ❞❡ ✶✵✵ ❦♠ ❞❡ ❞✐❛♠ètr❡✳
❙❛ ♠❛ss❡ t♦t❛❧❡ ❡st ❡st✐♠é❡ à ❡♥✈✐r♦♥ ✉♥ ❞✐①✐è♠❡ ❞❡ ♠❛ss❡ t❡rr❡str❡ ✭❏❡✇✐tt ❡t ❛❧✳✱ ✶✾✾✻ ❀ ❚r✉✲
❥✐❧❧♦ ❡t ❛❧✳✱ ✷✵✵✶ ❀ ●❧❛❞♠❛♥ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❈❡tt❡ r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡ ♠❛ss❡ ❧❛✐ss❡ ♣❡♥s❡r q✉❡ ❧❛
❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ❡st ❧❡ rés✐❞✉ ❞✬✉♥ ❞✐sq✉❡ ✐♥✐t✐❛❧❡♠❡♥t ❝❡♥t à ♠✐❧❧❡ ❢♦✐s ♣❧✉s ♠❛ss✐❢ ✭❏❡✇✐tt✱
✷✵✶✵✮✳ ❆✈❡❝ ✉♥❡ t❡♠♣ér❛t✉r❡ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ❦❡❧✈✐♥s✱ ❧❡s ♦❜❥❡ts tr❛♥s♥❡♣t✉♥✐❡♥s s♦♥t
♣r✐♥❝✐♣❛❧❡♠❡♥t ❝♦♠♣♦sés ❞❡ ❣❧❛❝❡s ✭❡❛✉✱ ♠ét❤❛♥❡✱ ❛♠♠♦♥✐❛❝✮✳
▲❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ❡st str✉❝t✉ré❡ ❡♥ ♣❧✉s✐❡✉rs ♣♦♣✉❧❛t✐♦♥s ❞②♥❛♠✐q✉❡♠❡♥t très ❞✐❢✲
❢ér❡♥t❡s✳ ❖♥ ❞✐st✐♥❣✉❡ ❞✬❛❜♦r❞ ❧❡s ♦❜❥❡ts ❝❧❛ss✐q✉❡s ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ✭♦✉ ❝✉❜❡✇❛♥♦s✱ ❞✉
♥♦♠ ❞❡ ❧❡✉r ♣r♦t♦t②♣❡✱ ✶✾✾✷ ◗❇✶✮ ❀ ✐❧s ♦r❜✐t❡♥t ❡♥tr❡ ✹✷ ❡t ✹✽ ❯❆✱ ❛✈❡❝ ❞❡s ♦r❜✐t❡s ❢❛✐❜❧❡♠❡♥t
❡①❝❡♥tr✐q✉❡s ✭e ≤ ✵✱✷✮ ❡t ❞②♥❛♠✐q✉❡♠❡♥t st❛❜❧❡s s✉r ❧❡ ❧♦♥❣ t❡r♠❡✳ ▲❡✉r ♠❛ss❡ r❡♣rés❡♥t❡r❛✐❡♥t
✉♥ ❞✐①✐è♠❡ ❞❡ ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞❡ ❧❛ ❝❡✐♥t✉r❡ ✭❇❡r♥st❡✐♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ■❧s s❡ s❡r❛✐❡♥t ❢♦r♠és ❧à
♦ù ✐❧s s♦♥t ❛✉❥♦✉r❞✬❤✉✐✳ ▲❡s ❑❇❖ ❞✐ts rés♦♥♥❛♥ts s♦♥t ❞❡s ♦❜❥❡ts ♣✐é❣és ❡♥ rés♦♥❛♥❝❡ ❞❡ ♠♦②❡♥
♠♦✉✈❡♠❡♥t ❛✈❡❝ ❧❛ ♣❧❛♥èt❡ ◆❡♣t✉♥❡✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❑❇❖ rés♦♥♥❛♥ts s♦♥t ♣✐é❣és
❞❛♥s ❧❛ rés♦♥❛♥❝❡ 2 : 3✱ ❡t s♦♥t ♥♦♠♠és ♣❧✉t✐♥♦s ✭❞❡ P❧✉t♦♥✱ ❧❡ ♣r❡♠✐❡r ❞é❝♦✉✈❡rt✮✳ ▲❡s ré✲
s♦♥❛♥❝❡s 2 : 5✱ 3 : 7✱ 1 : 2✱ 4 : 7✱ 3 : 5✱ 3 : 4 ❡t 4 : 5 ♦♥t ❛✉ss✐ ❧❡✉rs ❑❇❖✳ ❈❡s ♦❜❥❡ts ❛✉r❛✐❡♥t
✷✹
été ♣✐é❣és ❡♥ rés♦♥❛♥❝❡ ❧♦rs ❞❡ ❧❛ ♠✐❣r❛t✐♦♥ ❞❡ ◆❡♣t✉♥❡ ✈❡rs ❧✬❡①tér✐❡✉r ❞✉ ❙②stè♠❡ s♦❧❛✐r❡✳
▲❡s ♦❜❥❡ts é♣❛rs ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r s♦♥t ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞②♥❛♠✐q✉❡♠❡♥t ✓ ❝❤❛✉❞❡ ✔ ✿
❧❡✉r ❡①❝❡♥tr✐❝✐té ❡st ❣é♥ér❛❧❡♠❡♥t ❝♦♠♣r✐s❡ ❡♥tr❡ ✵✱✷ ❡t ✵✱✽✳ ▲❡✉r ♣ér✐❤é❧✐❡ ❡st s✐t✉é ❡♥tr❡ ✸✵ ❡t
✹✵ ❯❆✳ ■❧s s❡r❛✐❡♥t ❛rr✐✈és s✉r ❧❡✉rs ♦r❜✐t❡s ❛❝t✉❡❧❧❡s ❡♥ r❛✐s♦♥ ❞❡s ♣❡rt✉r❜❛t✐♦♥s ❞❡s ♣❧❛♥èt❡s
❣é❛♥t❡s✱ ◆❡♣t✉♥❡ ♥♦t❛♠♠❡♥t✱ ❛✉ ♠♦♠❡♥t ❞❡ ❧❡✉r ♠✐❣r❛t✐♦♥✳ ▲❡s ♣❡rt✉r❜❛t✐♦♥s ❞❡ ◆❡♣t✉♥❡ ❛✉
♥✐✈❡❛✉ ❞❡ ❧❡✉r ♣ér✐❤é❧✐❡ r❡♥❞❡♥t ❧❡✉rs ♦r❜✐t❡s ✐♥st❛❜❧❡s à ❧✬é❝❤❡❧❧❡ ❞✉ ♠✐❧❧✐❛r❞ ❞✬❛♥♥é❡s✳ ❊♥✜♥✱
❧❡s ♦❜❥❡ts ❞✐ts ❞ét❛❝❤és ♦♥t ✉♥ ♣ér✐❤é❧✐❡ s✉♣ér✐❡✉r à ✹✵ ❯❆ ❡t s♦✉✈❡♥t ✉♥❡ ❢♦rt❡ ❡①❝❡♥tr✐❝✐té✳
▲❡✉r ♦r✐❣✐♥❡ ❡st ❡♥❝♦r❡ ❞é❜❛tt✉❡✳
✶✳✷✳✹ ❉ét❡❝t✐♦♥ ❞❡s ❡①♦♣❧❛♥èt❡s
■❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ♣❛r❧❡r ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s❛♥s ♣❛r❧❡r ❞❡s ❡①♦♣❧❛♥èt❡s✳ ❈❡s ❞❡✉① ❝❛té✲
❣♦r✐❡s ❞✬♦❜❥❡ts ❝♦♠♣♦s❡♥t ❧✬❡ss❡♥t✐❡❧ ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts st❡❧❧❛✐r❡s ❞❡s ét♦✐❧❡s ❞❡ ❧❛ séq✉❡♥❝❡
♣r✐♥❝✐♣❛❧❡✳ ❚♦✉s ❞❡✉① ♣r❡♥♥❡♥t ♥❛✐ss❛♥❝❡ ❞❛♥s ❧❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s✱ ❡t s✬✐♥✢✉❡♥❝❡♥t
♠✉t✉❡❧❧❡♠❡♥t ❡♥s✉✐t❡✳
▲✬♦❜s❡r✈❛t✐♦♥ ❞✐r❡❝t❡ ❞❡s ❡①♦♣❧❛♥èt❡s ❡st très ❞✐✣❝✐❧❡✱ ♣♦✉r ❞❡✉① r❛✐s♦♥s✳ ❉✬❛❜♦r❞✱ ❧❛ ♣❧❛♥èt❡
❡st ♥❡tt❡♠❡♥t ♠♦✐♥s ❜r✐❧❧❛♥t❡ q✉❡ s♦♥ ét♦✐❧❡✱ q✉✬✐❧ s✬❛❣✐ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ✈✐s✐❜❧❡ ré✢é❝❤✐❡ ♦✉ ❞❡
❧✬é♠✐ss✐♦♥ t❤❡r♠✐q✉❡ ✐♥❢r❛r♦✉❣❡✳ ❊♥s✉✐t❡✱ ❧❛ ♣❧❛♥èt❡ ❡st très ♣r♦❝❤❡ ❞❡ s♦♥ ét♦✐❧❡ ✭♣❛r r❛♣♣♦rt
à ❧❛ ❞✐st❛♥❝❡ q✉✐ ❧❡s sé♣❛r❡ ❞❡ ❧✬♦❜s❡r✈❛t❡✉r✮ ❡t ❡st ❞♦♥❝ ♥♦②é❡ ❞❛♥s s♦♥ é❝❧❛t✳ ▲❛ ♣❧✉♣❛rt ❞❡s
❡①♦♣❧❛♥èt❡s ♥✬♦♥t ♣✉ êtr❡ ❞ét❡❝té❡s q✉❡ ❞❡ ♠❛♥✐èr❡ ✐♥❞✐r❡❝t❡✳ ▲❛ ♣r❡♠✐èr❡ ♣❧❛♥èt❡ ❡①tr❛s♦❧❛✐r❡
❛ été ❞ét❡❝té❡ ❡♥ ✶✾✾✺ ❛✉t♦✉r ❞❡ ❧✬ét♦✐❧❡ ❞❡ t②♣❡ s♦❧❛✐r❡ ✺✶ P❡❣❛s✐ ✭▼❛②♦r ❛♥❞ ◗✉❡❧♦③✱ ✶✾✾✺✮✳
❉❡♣✉✐s✱ ❡♥✈✐r♦♥ ✉♥ ♠✐❧❧✐❡r ❞❡ ♣❧❛♥èt❡s ♦♥t été ❞é❝♦✉✈❡rt❡s ❛✉t♦✉r ❞✬❛✉tr❡s ét♦✐❧❡s q✉❡ ❧❡ ❙♦❧❡✐❧✱
s✉❝✐t❛♥t ✉♥ très ❣r❛♥❞ ✐♥térêt ❞❛♥s ❧❛ ❝♦♠♠✉♥❛✉té ❛str♦♣❤②s✐q✉❡✱ ❡t✱ ♣❧✉s ❧❛r❣❡♠❡♥t✱ ❞❛♥s
❧✬♦♣✐♥✐♦♥ ♣✉❜❧✐q✉❡✳
▲❛ ♠❛❥♦r✐té ❞❡s ❡①♦♣❧❛♥èt❡s ♦♥t été ❞é❝♦✉✈❡rt❡s ♣❛r ❧❛ ♠ét❤♦❞❡ ❞✐t❡s ❞❡s ✈✐t❡ss❡s r❛❞✐❛❧❡s✱
q✉✐ ❝♦♥s✐st❡ à ❞ét❡❝t❡r ✉♥❡ ♦s❝✐❧❧❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ r❛❞✐❛❧❡ ❞❡ ❧✬ét♦✐❧❡ ❡♥ ét✉❞✐❛♥t s♦♥ s♣❡❝tr❡
❧✉♠✐♥❡✉① ✭❡✛❡t ❉♦♣♣❧❡r✲❋✐③❡❛✉✮✳ ❈❡tt❡ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ r❛❞✐❛❧❡ ❡st ❞✉❡ ❛✉ ♠♦✉✈❡♠❡♥t
❞❡ ❧✬ét♦✐❧❡ ❛✉t♦✉r ❞✉ ❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞❡ s♦♥ s②stè♠❡✱ ❡t ❞♦♥♥❡ ❛❝❝ès à ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r
❧❛ ♠❛ss❡ ❡t ❧✬♦r❜✐t❡ ❞❡ ❧❛ ✭♦✉ ❞❡s✮ ♣❧❛♥èt❡✭s✮✳ ▲❡ ♠♦✉✈❡♠❡♥t ❞✬✉♥❡ ét♦✐❧❡ ❛✉t♦✉r ❞✉ ❝❡♥tr❡
❞❡ ♠❛ss❡ ❞❡ s♦♥ s②stè♠❡ ♣❡✉t é❣❛❧❡♠❡♥t êtr❡ ❞ét❡❝té ♣❛r ❧✬❛str♦♠étr✐❡✱ q✉✐ ❞♦♥♥❡ ❛❝❝ès ❛✉
♠♦✉✈❡♠❡♥t ♣r♦♣r❡ ♣❧✉tôt q✉✬❛✉① ✈✐t❡ss❡s r❛❞✐❛❧❡s✳ ❯♥❡ ❛✉tr❡ ♠ét❤♦❞❡ ✐♥❞✐r❡❝t❡ très ✉t✐❧✐sé❡✱
s✉rt♦✉t ❞❡♣✉✐s ❧❡s ♠✐ss✐♦♥s s♣❛t✐❛❧❡s ❈♦❘♦❚ ❡t ❑❡♣❧❡r✱ ❡st ❝❡❧❧❡ ❞✐t❡ ❞❡s tr❛♥s✐ts✱ q✉✐ ❝♦♥s✐st❡
à ♠❡s✉r❡r ❧❛ ❜❛✐ss❡ ❞❡ ❧✉♠✐♥♦s✐té ❞✬✉♥❡ ét♦✐❧❡ ❧♦rsq✉❡ s❛ ♣❧❛♥èt❡ tr❛♥s✐t❡ ❞❡✈❛♥t ❡❧❧❡✳ ❉❡s ❡①♦✲
♣❧❛♥èt❡s ♦♥t é❣❛❧❡♠❡♥t été ❞ét❡❝té❡s ♣❛r ✐♠❛❣❡r✐❡ ❞✐r❡❝t❡ ✭❣râ❝❡ à ❧✬♦♣t✐q✉❡ ❛❞❛♣t❛t✐✈❡ ❡t à ❧❛
❝♦r♦♥♦❣r❛♣❤✐❡✱ ♥♦t❛♠♠❡♥t✮✱ ♣❛r ❡✛❡t ❞❡ ❧❡♥t✐❧❧❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ✭❧♦rsq✉❡ ❧✬ét♦✐❧❡✲❧❡♥t✐❧❧❡ ❛ ✉♥❡
♣❧❛♥èt❡✮✱ ♦✉ ❡♥ ét✉❞✐❛♥t ❧❛ r♦t❛t✐♦♥ ❞❡ ♣✉❧s❛rs✳
▲❡s ♣r✐♥❝✐♣❛❧❡s ♠ét❤♦❞❡s ❞❡ ❞ét❡❝t✐♦♥ ❞✬❡①♦♣❧❛♥èt❡s ♥❡ ❞♦♥♥❡♥t ❛❝❝ès q✉✬❛✉① ♣❧❛♥èt❡s ❧❡s
♣❧✉s ♠❛ss✐✈❡s ❡t ❧❡s ♣❧✉s ♣r♦❝❤❡s ❞❡ ❧❡✉rs ét♦✐❧❡s✱ ❡t✱ ❥✉sq✉✬à ré❝❡♠♠❡♥t✱ ♥✬❛✉r❛✐❡♥t ♣❛s ♣❡r✲
♠✐s ❞❡ ❞ét❡❝t❡r ❞❡s ♣❧❛♥èt❡s ❝♦♠♠❡ ❧❛ ❚❡rr❡ ✭tr♦♣ ♣❡t✐t❡✮ ♦✉ ❝♦♠♠❡ ❯r❛♥✉s ✭tr♦♣ ❧♦✐♥t❛✐♥❡✮✳
◆é❛♥♠♦✐♥s✱ ✐❧ s✬❛✈ér❛ très ✈✐t❡ q✉❡ ❧❡s s②stè♠❡ ❞✬❡①♦♣❧❛♥èt❡s ♣♦✉✈❛✐❡♥t êtr❡ très ❞✐✛ér❡♥ts
❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ✿ ♣rés❡♥❝❡ ❞❡ ♣❧❛♥èt❡s très ♣r♦❝❤❡s ❞❡ ❧❡✉r ét♦✐❧❡ ✭♣❛r❢♦✐s ❥✉st❡ q✉❡❧q✉❡s
r❛②♦♥s st❡❧❧❛✐r❡s✮ ♦✉ très é❧♦✐❣♥é❡s ✭q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞✬❯❆✮ ✭✈♦✐r ✜❣✉r❡ ✶✳✼✮✱ ♦r❜✐t❡s très ❡①✲
❝❡♥tr✐q✉❡s ✭✈♦✐r ✜❣✉r❡ ✶✳✽✮ ❡t✴♦✉ très ✐♥❝❧✐♥é❡s ♣❛r r❛♣♣♦rt à ❧✬éq✉❛t❡✉r st❡❧❧❛✐r❡✱ ♣❧❛♥èt❡ ❞❛♥s
❞❡s s②stè♠❡s ❜✐♥❛✐r❡s✳ ❈❡s ❞é❝♦✉✈❡rt❡s ♦♥t ❡♥tr❛î♥é ❞❡s ré✈✐s✐♦♥s s✐❣♥✐✜❝❛t✐✈❡s ❞❡s ♠♦❞è❧❡s ❞❡
❢♦r♠❛t✐♦♥ ♣❧❛♥ét❛✐r❡ ❡t ♦♥t ♦✉✈❡rt ❞❡ ♥♦♠❜r❡✉s❡s ♣❡rs♣❡❝t✐✈❡s✳
✷✺
❋✐❣✉r❡ ✶✳✼ ✕ ❉✐❛❣r❛♠♠❡ ♠❛ss❡✲♣ér✐♦❞❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❧❛♥èt❡s ❡①tr❛s♦❧❛✐r❡s ❝♦♥♥✉❡s ❧❡ ✷✼ s❡♣t❡♠✲
❜r❡ ✷✵✶✸✳ ▲❡s ♣ér✐♦❞❡s s♦♥t ❡♥ ❥♦✉rs ❡t ❧❡s ♠❛ss❡s ❡♥ ♠❛ss❡s ❥♦✈✐❡♥♥❡s✳ ❉✐❛❣r❛♠♠❡ ré❛❧✐sé ❣râ❝❡ ❛✉ s✐t❡
❡①♦♣❧❛♥❡t✳❡✉
❋✐❣✉r❡ ✶✳✽ ✕ ❍✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❧❛♥èt❡s ❡①tr❛s♦❧❛✐r❡s ❝♦♥♥✉❡s ❧❡ ✷✼
s❡♣t❡♠❜r❡ ✷✵✶✸✳ ❍✐st♦❣r❛♠♠❡ ré❛❧✐sé ❣râ❝❡ ❛✉ s✐t❡ ❡①♦♣❧❛♥❡t✳❡✉
P❧✉s✐❡✉rs ét✉❞❡s ✭▼❛②♦r ❡t ❛❧✳✱ ✷✵✶✶ ❀ ❚r❛✉❜✱ ✷✵✶✷ ❀ ❇♦♥✜❧s ❡t ❛❧✳✱ ✷✵✶✸✮ ❧❛✐ss❡♥t ❡♥t❡♥❞r❡
q✉❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ♣❧❛♥èt❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ s❡r❛✐t ✉♥ ❢❛✐t ♣❧✉tôt
❝♦♠♠✉♥✳ ❯♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ s②stè♠❡s st❡❧❧❛✐r❡s ♣♦✉rr❛✐❡♥t ❞♦♥❝ ❝♦♥t❡♥✐r✱ à ❧✬✐♥st❛r ❞✉ ❙②s✲
tè♠❡ s♦❧❛✐r❡✱ ✉♥ ♦✉ ♣❧✉s✐❡✉rs ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✐♥s✐ q✉✬✉♥❡ ♦✉ ♣❧✉s✐❡✉rs ♣❧❛♥èt❡s✳ P❛r ❡①❡♠♣❧❡✱
❞❡s ♣❧❛♥èt❡s ♦♥t été ❞ét❡❝té❡s ❛✉t♦✉r ❞❡ β P✐❝t♦r✐s✱ ❋♦♠❛❧❤❛✉t ❡t ǫ ❊r✐❞❛♥✐✱ ét♦✐❧❡s q✉✬❡♥t♦✉r❡♥t
✷✻
é❣❛❧❡♠❡♥t ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❝é❧è❜r❡s✳ ▲✬✐♥✢✉❡♥❝❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡s ♣❧❛♥èt❡s s✉r ❧❡s ❞✐s✲
q✉❡s ♣❡✉t ❧❡s str✉❝t✉r❡r✱ ❧❡s tr♦♥q✉❡r✱ ✈♦✐r ❧❡s ❞✐s♣❡rs❡r✳ ▲✬♦❜s❡r✈❛t✐♦♥ ❡t ❧✬ét✉❞❡ ❞❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s ♣❡✉t ❞♦♥❝ ♣❡r♠❡ttr❡ ❞❡ tr♦✉✈❡r ❞❡s ❡♠♣r❡✐♥t❡s ♦✉ ❞❡s ✐♥❞✐❝❡s ❞❡ ♣❧❛♥èt❡s ♥♦♥ ♦❜s❡r✈é❡s✳
❈✬❡st ❞✬❛✉t❛♥t ♣❧✉s ✈r❛✐ ♣♦✉r ❧❡s ré❣✐♦♥s ❡①t❡r♥❡s ❞❡s s②stè♠❡s ♣❧❛♥ét❛✐r❡s✱ ♣❡✉ ❛❝❝❡ss✐❜❧❡s ♣❛r
❧❡s ♣r✐♥❝✐♣❛❧❡s ♠ét❤♦❞❡s ❞❡ ❞ét❡❝t✐♦♥ ❞✬❡①♦♣❧❛♥èt❡s✳
✶✳✸ ➱✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
✶✳✸✳✶ P❤②s✐q✉❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
▲❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s♦♥t ❝♦♥st✐t✉és ❞❡ ♣❧❛♥étés✐♠❛✉① ❡t ❞❡ ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ✿ ❧❛ t❛✐❧❧❡
❞❡ ❝❡s ♦❜❥❡ts ♣❡✉t ✈❛r✐❡r ❞❡ ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r✱ ❛❧❧❛♥t ❞❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s✱ ✈♦✐r❡
♠✐❧❧✐❡rs✱ ❞❡ ❦✐❧♦♠ètr❡s✱ ❥✉sq✉✬à ❞❡s t❛✐❧❧❡s ❞❡ ❧✬♦r❞r❡ ❞✉ ♠✐❝r♦♠ètr❡✳ ▲❡s ❢♦r❝❡s ♣❤②s✐q✉❡s ❛❣✐s✲
s❛♥t ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♥❡ s♦♥t ❞♦♥❝ ♣❛s ❧❡s ♠ê♠❡s s❡❧♦♥ ❧❛ t❛✐❧❧❡ ❞❡s ♦❜❥❡ts✳ ▲❡s ❞✐sq✉❡s
❞❡ ❞é❜r✐s✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s✱ s♦♥t très ♣❛✉✈r❡s ❡♥ ❣❛③ ❀ ❧❛ ♣r❡ss✐♦♥ ❞✉
❣❛③ ❡t ❧❛ ❢r✐❝t✐♦♥ ❣❛③✲♣♦✉ss✐èr❡ q✉✐ ❥♦✉❡♥t ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s
♥✬❛❣✐ss❡♥t ♣❧✉s ✐❝✐✳
●r❛✈✐t❛t✐♦♥
▲❛ ❢♦r❝❡ ❞♦♠✐♥❛♥t❡ à ❧❛q✉❡❧❧❡ s♦♥t s♦✉♠✐s ❧❡s ♣❧✉s ❣r♦s ♦❜❥❡ts ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ ❧❡s
♣❧❛♥étés✐♠❛✉①✱ ❡st ❧❛ ❣r❛✈✐t❛t✐♦♥✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❞✐sq✉❡ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ s❡✉❧❡✱ ❧❛ ❢♦r❝❡ ❞❡
❣r❛✈✐t❛t✐♦♥ s✬é❝r✐t très s✐♠♣❧❡♠❡♥t ✿
−→
FG = −GM∗m
r3
−→r ✭✶✳✶✮
♦ù G ❡st ❧❛ ❝♦♥st❛♥t❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡✱ M∗ ❧❛ ♠❛ss❡ st❡❧❧❛✐r❡✱ m ❧❛ ♠❛ss❡ ❞❡ ❧✬♦❜❥❡t ❡t −→r s♦♥
r❛②♦♥ ✈❡❝t❡✉r✱ ❝✬❡st✲à✲❞✐r❡ ❧❡ ✈❡❝t❡✉r ❞✐r✐❣é ❞❡♣✉✐s ❧✬ét♦✐❧❡ ❥✉sq✉✬à ❧✉✐✳ ❖♥ ❡st✐♠❡ q✉❡ ❧❡s ♦r❜✐t❡s
❞❡s ♦❜❥❡ts ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ❝✐r❝✉❧❛✐r❡s ❡t ♣❡✉ ✐♥❝❧✐♥é❡s✱ ❡♥ r❛✐s♦♥ ❞❡s ❡✛❡ts
❞❡ ❧❛ ❢r✐❝t✐♦♥ ❞✉ ❣❛③ ♣❡♥❞❛♥t ❧❛ ♣❤❛s❡ ♣r♦t♦♣❧❛♥ét❛✐r❡ ❞✉ ❞✐sq✉❡✳ ▲❡s ❡✛❡ts ❞❡ ❧❛ ❣r❛✈✐t❛t✐♦♥
♣❡✉✈❡♥t ♥é❛♥♠♦✐♥s s❡ ❝♦♠♣❧✐q✉❡r ❧♦rsq✉❡ ♣❧✉s✐❡✉rs ❛✉tr❡s ♦❜❥❡ts ♠❛ss✐❢s s♦♥t ♣rés❡♥ts ❞❛♥s ❧❡
s②stè♠❡ ✭♣❧❛♥étés✐♠❛✉① ♣❧✉s ♠❛ss✐❢s✱ ♣❧❛♥èt❡s✱ ❛✉tr❡ ét♦✐❧❡✮ ♦✉ ♣❛ss❡♥t à ♣r♦①✐♠✐té ✭♣❛ss❛❣❡
st❡❧❧❛✐r❡✮✳ ▲❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❛✐♥s✐ ❝réé❡s ♣❡✉✈❡♥t ❡①❝✐t❡r ❧❡s ♦❜❥❡ts ❞✉ ❞✐sq✉❡✱
♠❡♥❛♥t à ❞❡s ♦r❜✐t❡s ♣❧✉s ❡①❝❡♥tr✐q✉❡s ❡t✴♦✉ ✐♥❝❧✐♥é❡s ♣♦✉r ❧❡s ♣❧❛♥étés✐♠❛✉①✳ ❊❧❧❡s ♣❡✉✈❡♥t
❛✉ss✐ é❥❡❝t❡r✱ ♦✉ ❛❝❝rét❡r t❛r❞✐✈❡♠❡♥t✱ ❝❡rt❛✐♥s ♣❧❛♥étés✐♠❛✉①✱ ❡t ❛✐♥s✐ ♣✉r❣❡r t♦✉t ♦✉ ♣❛rt✐❡
❞✉ ❞✐sq✉❡✳
❈♦❧❧✐s✐♦♥s
▲❡s ❝♦❧❧✐s✐♦♥s s♦♥t ✉♥ ❞❡s ♣r✐♥❝✐♣❛✉① ♣r♦❝❡ss✉s à ❧✬÷✉✈r❡ ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳ ▲❡✉r
❢réq✉❡♥❝❡ ❞é♣❡♥❞ ❞❡ ❧❛ ❞❡♥s✐té ❞✉ ❞✐sq✉❡ ✭❡t ❞♦♥❝ ❞❡ s❛ ♠❛ss❡ t♦t❛❧❡ ❡t ❞❡ s♦♥ ❡①t❡♥s✐♦♥ s♣❛✲
t✐❛❧❡✮✳ ▲✬❡✛❡t ❞✬✉♥❡ ❝♦❧❧✐s✐♦♥ ❞é♣❡♥❞ ❞❡ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡s ❞❡✉① ♦❜❥❡ts ❛✈❛♥t ❧❛ ❝♦❧❧✐s✐♦♥✳
▲♦rsq✉❡ ❝❡tt❡ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❡st ❢❛✐❜❧❡✱ ❧❡s ❞❡✉① ♦❜❥❡ts s✬❛❣❣❧♦♠èr❡♥t ✿ ❝✬❡st ❛✐♥s✐ q✉❡ ❧❡s ♣❧❛♥é✲
tés✐♠❛✉① ❛❝❝rèt❡♥t ❞❛♥s ❧❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s✱ ♦ù ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❡st ♠❛✐♥t❡♥✉❡ ❢❛✐❜❧❡
♣❛r ❧❛ ❢r✐❝t✐♦♥ ❞✉ ❣❛③✳ ❆ ❝♦♥tr❛r✐♦✱ ❧♦rsq✉❡ ❝❡tt❡ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❡st ♣❧✉s é❧❡✈é❡✱ ❧❛ ❝♦❧❧✐s✐♦♥ ❡st
❞❡str✉❝tr✐❝❡ ✿ ❧❡s ❞❡✉① ♣❧❛♥étés✐♠❛✉① s♦♥t ér♦❞és✱ ♦✉ ❞étr✉✐ts✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ ❝♦❧❧✐s✐♦♥ ❣é♥èr❡
❞❡ ♥♦♠❜r❡✉① ♦❜❥❡ts ❞❡ t❛✐❧❧❡ ♣❧✉s ♣❡t✐t❡✳ ❆✐♥s✐ s✬❡♥❝❧❡♥❝❤❡ ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ✿ ❧❡s ❞é❜r✐s
✷✼
❞✬✉♥❡ ❝♦❧❧✐s✐♦♥ s✉❜✐ss❡♥t ❡✉①✲♠ê♠❡s ❞✬❛✉tr❡s ❝♦❧❧✐s✐♦♥s✳ ❉❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ ❧❡s ❝♦❧❧✐s✐♦♥s
❞❡str✉❝tr✐❝❡s ❧✬❡♠♣♦rt❡♥t s✉r ❧❡ ♣r♦❝❡ss✉s ❞✬❛❝❝rét✐♦♥ ✿ ❧❛ ♠❛ss❡ ❡st ❛✐♥s✐ tr❛♥s❢éré❡ ✈❡rs ❞❡s
é❝❤❡❧❧❡s ❞❡ t❛✐❧❧❡ ♣❧✉s ♣❡t✐t❡s✳
❯♥ ♣❛r❛♠ètr❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❝♦❧❧✐s✐♦♥s ❡st ❧✬é♥❡r❣✐❡ s♣é❝✐✜q✉❡ ❝r✐t✐q✉❡
❞❡ ❞❡str✉❝t✐♦♥ Q∗D✳ ■❧ ❡st ❞é✜♥✐ ❝♦♠♠❡ ét❛♥t ❧✬é♥❡r❣✐❡ ❞✬✐♠♣❛❝t ♣❛r ✉♥✐té ❞❡ ♠❛ss❡ ❞❡ ❧❛ ❝✐❜❧❡
♠❡♥❛♥t à ✉♥❡ ❝♦❧❧✐s✐♦♥ ❞❡str✉❝tr✐❝❡ ❞♦♥t ❧❡ ♣❧✉s ❣r♦s rés✐❞✉ ❝♦♥t✐❡♥t ❧❛ ♠♦✐t✐é ❞❡ ❧❛ ♠❛ss❡ ❞❡
❧❛ ❝✐❜❧❡ ✐♥✐t✐❛❧❡✳ P♦✉r ❧❡s ♣❡t✐ts ♦❜❥❡ts✱ ❧✬é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ ✐♥t❡r♥❡ ❞♦♠✐♥❡✱ ❛❧♦rs q✉❡ ♣♦✉r ❧❡s
♦❜❥❡ts ❞❡ ♣❧✉s ❞❡ ∼ ✶✵✵ ♠ètr❡s✱ ❝✬❡st ❧✬é♥❡r❣✐❡ ❞❡ ❧❛✐s♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ✭❑r✐✈♦✈✱ ✷✵✶✵✮✳ Q∗D ❡st
❞♦♥❝ s♦✉✈❡♥t ❞é❝r✐t ❝♦♠♠❡ ✉♥❡ s♦♠♠❡ ❞❡ ❞❡✉① ❧♦✐s ❞❡ ♣✉✐ss❛♥❝❡ ✭❇❡♥③ ❛♥❞ ❆s♣❤❛✉❣✱ ✶✾✾✾✮✱
q✉✐ ❛tt❡✐♥t s♦♥ ♠✐♥✐♠✉♠ à ❞❡s t❛✐❧❧❡s s✉❜❦✐❧♦♠étr✐q✉❡s✳
▲❛ ♣❤②s✐q✉❡ ❞❡s ❝♦❧❧✐s✐♦♥s ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡st très ❝♦♠♣❧✐q✉é❡✳ ▲❡s ♦❜❥❡ts ❝♦♥✲
❝❡r♥és s❡ ré♣❛rt✐ss❡♥t s✉r ✉♥❡ ❞✐③❛✐♥❡s ❞✬♦r❞r❡s ❞❡ ❣r❛♥❞❡✉rs ❡♥ t❛✐❧❧❡✱ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡s
❝♦❧❧✐s✐♦♥s ❡st ✈❛r✐❛❜❧❡✱ ❧❡s ❝♦❧❧✐s✐♦♥s ♣❡✉✈❡♥t êtr❡ ❢r♦♥t❛❧❡s✱ ♦❜❧✐q✉❡s ♦✉ r❛s❛♥t❡s✳ ▲❛ s❡❝t✐♦♥ ❡✣✲
❝❛❝❡ ❞❡ ❝♦❧❧✐s✐♦♥ ❞❡s ♦❜❥❡ts ❞✉ ❞✐sq✉❡ ❞é♣❡♥❞ ❞❡ ❧❡✉r t❛✐❧❧❡ ♠❛✐s ❛✉ss✐ ❞❡ ❧❡✉r ♠❛ss❡✱ ❞✉ ❢❛✐t ❞❡
❧✬❛ttr❛❝t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡s ♣❧✉s ♠❛ss✐❢s✳ ❉❡ ❢❛✐t✱ ❧❛ ♣❧✉♣❛rt ❞❡s ❝♦❧❧✐s✐♦♥s ❞❛♥s ✉♥ ❞✐sq✉❡
❞❡ ❞é❜r✐s s❡ ♣r♦❞✉✐s❡♥t ❡♥tr❡ ❞❡s ♦❜❥❡ts ❞❡ t❛✐❧❧❡ très ❞✐✛ér❡♥t❡s✳ ▲❡s ❝♦❧❧✐s✐♦♥s ♣❡✉✈❡♥t ❞♦♥❝
❞é❜♦✉❝❤❡r s✉r ✉♥❡ ❝r❛tér✐s❛t✐♦♥✱ ✉♥ r❡❜♦♥❞✱ ✉♥❡ ❛❝❝rét✐♦♥ t❛r❞✐✈❡ ♦✉ ✉♥❡ ❞❡str✉❝t✐♦♥ t♦t❛❧❡ ♦✉
♣❛rt✐❡❧❧❡ ❞✬✉♥ ♦✉ ❞❡s ❞❡✉① ♦❜❥❡ts✱ ❛✈❡❝ ♦✉ s❛♥s ré❛❣❣❧♦♠ér❛t✐♦♥ ❞❡s ❢r❛❣♠❡♥ts✳ ▲❛ ❝r❛tér✐s❛t✐♦♥
❡t ❧❛ ❞❡str✉❝t✐♦♥ t♦t❛❧❡ s♦♥t ❧❡s ♣r♦❝❡ss✉s ❞♦♠✐♥❛♥ts ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✭❚❤é❜❛✉❧t ❛♥❞
❆✉❣❡r❡❛✉✱ ✷✵✵✼ ❀ ▼ü❧❧❡r ❡t ❛❧✳✱ ✷✵✶✵✮✳
Pr❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥
❊♥ ♣❧✉s ❞❡ ❧❛ ❣r❛✈✐t❛t✐♦♥ ❡t ❞❡s ❝♦❧❧✐s✐♦♥s✱ ❧❡s ♣❧✉s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❞❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s ✐♥t❡r❛❣✐ss❡♥t é❣❛❧❡♠❡♥t ❛✈❡❝ ❧❡ r❛②♦♥♥❡♠❡♥t st❡❧❧❛✐r❡✳ ▲❡s ❣r❛✐♥s ❞✬✉♥❡ t❛✐❧❧❡ ✐♥❢ér✐❡✉r❡
❡♥✈✐r♦♥ ❛✉ ♠✐❧❧✐♠ètr❡ s✉❜✐ss❡♥t ❧❛ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥ ❝❛✉sé❡ ♣❛r ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✳ ❈♦♠♠❡
❧❛ ❣r❛✈✐t❛t✐♦♥✱ ❧❛ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧✬✐♥✈❡rs❡ ❞✉ ❝❛rré ❞❡ ❧❛ ❞✐st❛♥❝❡
à ❧✬ét♦✐❧❡✱ ♠❛✐s ❡❧❧❡ ♣♦✉ss❡ ❧❡s ❣r❛✐♥s ❧♦✐♥ ❞❡ ❧✬ét♦✐❧❡✳ ▲❛ ❢♦r❝❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❡t ❧❛ ♣r❡ss✐♦♥
❞❡ r❛❞✐❛t✐♦♥ ♣❡✉✈❡♥t êtr❡ ❝♦♠❜✐♥é❡ ❡♥ ✉♥❡ s❡✉❧❡ ❢♦r❝❡ ✓ ♣❤♦t♦❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ✔ ✭❇✉r♥s ❡t ❛❧✳✱
✶✾✼✾✮ q✉✐ s✬é❝r✐t ✿
−−→
FPG = −GM∗(1− β)m
r3
−→r ✭✶✳✷✮
♦ù β ❡st ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡s ❢♦r❝❡s ❞❡ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥ ❡t ❞❡ ❣r❛✈✐t❛t✐♦♥✱ q✉✐ ❞é♣❡♥❞ ❞❡
❧❛ t❛✐❧❧❡ ❞✉ ❣r❛✐♥✱ ❞❡ s❡s ♣r♦♣r✐étés ♦♣t✐q✉❡s ❡t ❞❡ ❧✬❡✣❝❛❝✐té Qpr ❞❡ ❧❛ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥✱
❝❡❧❧❡✲❝✐ ét❛♥t ❝♦♠♣r✐s❡ ❡♥tr❡ ✵ ❡t ✷✳ ❊♥ r❡✈❛♥❝❤❡✱ β ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧✬ét♦✐❧❡✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❣r❛✐♥ s♣❤ér✐q✉❡ ❞❡ r❛②♦♥ a ❡t ❞❡ ❞❡♥s✐té ρ✱ β s✬é❝r✐t ✭▲❡❜r❡t♦♥✱ ✷✵✶✸✮ ✿
β =
3L∗
16πGM∗c
Qpr
ρa
, ✭✶✳✸✮
s♦✐t ✭❇✉r♥s ❡t ❛❧✳✱ ✶✾✼✾ ❀ ❑r✐✈♦✈✱ ✷✵✶✵✮ ✿
β = 0,574
(
L∗
L⊙
)(
M⊙
M∗
)(
1g.cm−3
ρ
)(
1µm
a
)
Qpr ✭✶✳✹✮
♦ù L∗ ❡st ❧❛ ❧✉♠✐♥♦s✐té st❡❧❧❛✐r❡✳
✷✽
P♦✉r ❧❡s ♣❧✉s ♣❡t✐t❡s ♣❛rt✐❝✉❧❡s✱ ❧❛ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥ ❡st éq✉✐✈❛❧❡♥t❡ à ✉♥❡ ❞✐♠✐♥✉t✐♦♥
❞❡ ❧❛ ♠❛ss❡ st❡❧❧❛✐r❡ ❞✬✉♥ ❢❛❝t❡✉r (1−β)✳ ▲❛ ✈✐t❡ss❡ ❞❡ ❧✐❜ér❛t✐♦♥ ❞✉ s②stè♠❡ st❡❧❧❛✐r❡ ❡st ❞♦♥❝
❞✐♠✐♥✉é❡ ❞✬✉♥ ❢❛❝t❡✉r
√
1− β✳ ▲❡s ♣❧✉s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ✐ss✉s ❞❡s ❝♦❧❧✐s✐♦♥s s♦♥t ❞♦♥❝
s♦✉♠✐s à ✉♥❡ ❢♦r❝❡ ❞❡ ♣❧✉s ♣❛r r❛♣♣♦rt ❛✉① ♦❜❥❡ts ♠❛❝r♦s❝♦♣✐q✉❡s✱ q✉✐ t❡♥❞ à ❧❡s é❥❡❝t❡r ❞✉
s②stè♠❡✱ ❡t ❝❡ ❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❡✉r t❛✐❧❧❡ ❡st ♣❡t✐t❡✳ ❯♥ ❣r❛✐♥ ✐ss✉ ❞✬✉♥ ❝♦r♣s ♣❛r❡♥t ♦r❜✐t❛♥t
s✉r ✉♥❡ ♦r❜✐t❡ ❝✐r❝✉❧❛✐r❡ s❡ r❡tr♦✉✈❡r❛ ❛✐♥s✐ s✉r ✉♥❡ ♦r❜✐t❡ ❡❧❧✐♣t✐q✉❡ s✐ β < ✵✱✺ ❡t s✉r ✉♥❡
♦r❜✐t❡ ❤②♣❡r❜♦❧✐q✉❡ ✭❡t ❞♦♥❝ ♥♦♥ ❧✐é❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡♠❡♥t à ❧✬ét♦✐❧❡✮ s✐ β > ✵✱✺✳ ❙✐ β > ✶✱ ❧❡
❣r❛✐♥✱ q✉❡❧q✉❡ s♦✐t s♦♥ ❝♦r♣s ♣❛r❡♥t✱ ❡st ❡①♣✉❧sé ❞✉ s②stè♠❡✳ ■❧ ② ❛ ❞♦♥❝ ✉♥❡ t❛✐❧❧❡ ❧✐♠✐t❡ ✭❣r♦ss♦
♠♦❞♦ éq✉✐✈❛❧❡♥t❡ à β = ✵✱✺✮✱ ❧❛ ✓ ❜❧♦✇✲♦✉t s✐③❡ ✔ ❡♥ ❞❡ss♦✉s ❞❡ ❧❛q✉❡❧❧❡ ❧❡s ❣r❛✐♥s s♦♥t ❡①♣✉❧sés
s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡ ❧❛ ♣ér✐♦❞❡ ❞❡ ré✈♦❧✉t✐♦♥ ❛✉t♦✉r ❞❡ ❧✬ét♦✐❧❡ ✭❑r✐✈♦✈✱ ✷✵✶✵✮✳
▲❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ s♦✉♠✐s à ❧❛ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥ ♠❛✐s q✉✐ r❡st❡♥t ❧✐és à ❧✬ét♦✐❧❡ ♦♥t
✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ♣❧✉s ❣r❛♥❞ q✉❡ ❝❡❧✉✐ ❞❡ ❧❡✉r ❝♦r♣s ♣❛r❡♥t✳ ■❧ ❡♥ rés✉❧t❡ q✉❡ ❧❡ ❞✐sq✉❡ ❞❡ ♣♦✉s✲
s✐èr❡ s✬ét❡♥❞ ♣❧✉s ✈❡rs ❧✬❡①tér✐❡✉r q✉❡ ❧❡ ❞✐sq✉❡ ❞❡ ♣❧❛♥étés✐♠❛❧✳ P❧✉s ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡s
s♦♥t ♣❡t✐ts✱ ♣❧✉s β ❡st ♣❡t✐t ❛✉ss✐✱ ❡t ❝❡ s♦♥t ❧❡s ♣❧✉s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ q✉✐ ❢♦r♠❡♥t ❧❡
❞✐sq✉❡ s✬ét❡♥❞❛♥t ❧❡ ♣❧✉s à ❧✬❡①tér✐❡✉r ✭✈♦✐r ❑r✐✈♦✈✱ ✷✵✶✵✱ ❋✐❣✳ ✶✮✳ ▲❛ ❞②♥❛♠✐q✉❡ ❞❡s ❣r❛✐♥s ❞❡
♣♦✉ss✐èr❡ ❡st ❞♦♥❝ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ❞❡ ❧❡✉rs ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts✱ ❡t ❝❡ ❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❡s
❣r❛✐♥s s♦♥t ♣❡t✐ts✳ ▲❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ❧❡s ♣❧✉s ♣❡t✐t❡s ✭✐♥❢r❛r♦✉❣❡✮ ❞♦♥♥❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s
s✉r ❧❛ ♣♦✉ss✐èr❡✱ ♠❛✐s ❧❡s ♣❧✉s ❣r❛♥❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡ ✭s✉❜♠✐❧❧✐♠étr✐q✉❡s✮ ♣❡r♠❡tt❡♥t ❞❡
♠✐❡✉① tr❛❝❡r ❧❡ ❞✐sq✉❡ ♣❛r❡♥t✱ ❝❛r ❡❧❧❡s ♥♦✉s ✐♥❢♦r♠❡♥t s✉r ❧❡s ❣r❛✐♥s ♣❧✉s ❣r♦s ✭❡t ❞♦♥❝ ♣❧✉s
❢r♦✐❞s✮✳
❊✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥
❯♥ ❛✉tr❡ ❡✛❡t ❞✬♦r✐❣✐♥❡ ✓ ♣❤♦t♦❣r❛✈✐t❛t✐♦♥♥❡❧ ✔✱ ✐ss✉ ❞❡ ❧❛ r❡❧❛t✐✈✐té r❡str❡✐♥t❡✱ ❝♦♥❝❡r♥❡
❧❡s ♣❧✉s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ✿ ❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✳ ❈♦♥tr❛✐r❡♠❡♥t à ❧❛ ♣r❡ss✐♦♥
❞❡ r❛❞✐❛t✐♦♥✱ q✉✐ ❡st ✉♥❡ ❢♦r❝❡ r❛❞✐❛❧❡✱ ✐❧ s✬❛❣✐t ❞✬✉♥❡ ❢♦r❝❡ t❛♥❣❡♥t✐❡❧❧❡✳ ▲✬✐♥t❡r❛❝t✐♦♥ ❞✉ ❣r❛✐♥
❛✈❡❝ ❧❡s ♣❤♦t♦♥s st❡❧❧❛✐r❡s ❧❡ ❢r❡✐♥❡✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ✉♥❡ ♣❡rt❡ ❣r❛❞✉❡❧❧❡ ❞✬é♥❡r❣✐❡ ♦r❜✐t❛❧❡ ❡t ❞❡
♠♦♠❡♥t ❝✐♥ét✐q✉❡✳ ▲❛ ❢♦r❝❡ ❞❡ P♦②♥t✐♥❣✲❘♦❜❡rts♦♥ s✬é❝r✐t ✭❑r✐✈♦✈✱ ✷✵✶✵✮ ✿
−−→
FPR = −GM∗βm
r2
[(
~v~r
cr
)
~r
r
+
~v
c
]
✭✶✳✺✮
▲✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥ t❡♥❞ à ❢❛✐r❡ s♣✐r❛❧❡r ❧❡s ♣❡t✐ts ❣r❛✐♥s ✈❡rs ❧✬✐♥tér✐❡✉r ❞✉ s②stè♠❡✱
❥✉sq✉✬à ❝❡ q✉✬✐❧s s♦✐❡♥t é✈❛♣♦rés ♦✉ ❛❝❝rétés ♣❛r ❧✬ét♦✐❧❡✳ ▲❡ t❡♠♣s ❞❡ P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✱
♥é❝❡ss❛✐r❡ ♣♦✉r ❢❛✐r❡ s♣✐r❛❧❡r ✉♥ ❣r❛✐♥ ❞❡ ♣♦✉ss✐èr❡ ❞✬✉♥❡ ♦r❜✐t❡ ❞❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ r0 ❥✉sq✉✬à
✉♥❡ ♦r❜✐t❡ ❞❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ r s✬é❝r✐t ✿
tPR =
(r0 − r)2c
4GM∗β
✭✶✳✻✮
❆✉tr❡s ❢♦r❝❡s
❆✉ ♠ê♠❡ t✐tr❡ q✉❡ ❧❛ r❛❞✐❛t✐♦♥ st❡❧❧❛✐r❡✱ ❧❡ ✈❡♥t st❡❧❧❛✐r❡ ❡st à ❧✬♦r✐❣✐♥❡ ❞✬✉♥❡ ❢♦r❝❡ q✉✐
s✬❡①❡r❝❡ s✉r ❧❡s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❀ ❝❡❧❧❡✲❝✐ s❡ ❞é❝♦♠♣♦s❡ é❣❛❧❡♠❡♥t ❡♥ ✉♥❡ ❝♦♠♣♦s❛♥t❡
r❛❞✐❛❧❡ ❡t ✉♥❡ ❝♦♠♣♦s❛♥t❡ t❛♥❣❡♥t✐❡❧❧❡✳ ❙✐ ❧❛ ❝♦♠♣♦s❛♥t❡ r❛❞✐❛❧❡ ❞❡ ❧❛ ♣r❡ss✐♦♥ ❞✉ ✈❡♥t st❡❧❧❛✐r❡
❡st ♥é❣❧✐❣❡❛❜❧❡ ♣❛r r❛♣♣♦rt à ❝❡❧❧❡ ❞❡ ❧❛ ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥✱ ❧❛ ❝♦♠♣♦s❛♥t❡ t❛♥❣❡♥t✐❡❧❧❡✱ ❡❧❧❡✱
♣❡✉t êtr❡ ✐♠♣♦rt❛♥t❡✱ ❡t ❛❝❝❡♥t✉❡r ❛✐♥s✐ ❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✳ ❉❛♥s ❧❡ ❙②stè♠❡ s♦❧❛✐r❡✱
✷✾
❧❛ ❢♦r❝❡ ❞❡ ❢r❡✐♥❛❣❡ ❞✉❡ ❛✉ ✈❡♥t st❡❧❧❛✐r❡ r❡♣rés❡♥t❡ ✸✺ ✪ ❞❡ ❧❛ ❢♦r❝❡ ❞❡ P♦②♥t✐♥❣✲❘♦❜❡rts♦♥
✭●✉st❛❢s♦♥✱ ✶✾✾✹✮✳
❉❡ ❢❛✐❜❧❡s q✉❛♥t✐tés ❞❡ ❣❛③ ♦♥t été ❞ét❡❝té❡s ❞❛♥s ❞❡ ❥❡✉♥❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✭❑r✐✈♦✈✱
✷✵✶✵✮✳ ■❧ ♣❡✉t s✬❛❣✐r ❞✬✉♥ rés✐❞✉ ❞✉ ❣❛③ ♣r✐♠♦r❞✐❛❧✱ ♦✉ ❞✬✉♥ ❣❛③ ♣❧✉s ré❝❡♥t ✐ss✉ ❞❡s ❝♦♠èt❡s ♦✉
❞❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❣r❛✐♥s✳ ❉❛♥s ❝❡s ❝❛s✱ ❧❛ ♣r❡ss✐♦♥ ❡t ❧❛ ❢r✐❝t✐♦♥ ❞✉ ❣❛③ s✬❛❥♦✉t❡♥t ❛✉① ❢♦r❝❡s
s✉❜✐❡s ♣❛r ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ✭❚❤é❜❛✉❧t ❛♥❞ ❆✉❣❡r❡❛✉✱ ✷✵✵✺ ❀ ❑r✐✈♦✈ ❡t ❛❧✳✱ ✷✵✵✾✮✳
✶✳✸✳✷ Pr♦❝❡ss✉s ❞✬é✈♦❧✉t✐♦♥
P♦✉r q✉❡ ❧❡s ❝♦❧❧✐s✐♦♥s s♦✐❡♥t ❞❡str✉❝tr✐❝❡s ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ✐❧ ❢❛✉t q✉❡ ❧❡s ✈✐t❡ss❡s
r❡❧❛t✐✈❡s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① s♦✐❡♥t s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t❡s✱ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ q✉❡ ❧❡ ❞✐sq✉❡
s♦✐t ❞②♥❛♠✐q✉❡♠❡♥t ✉♥ ♣❡✉ ❡①❝✐té✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① s♦✐❡♥t
❛✉ ♠♦✐♥s ❞❡ ❧✬♦r❞r❡ ❞❡ 10−3 à 10−2 ✭❙t❡r♥✱ ✶✾✾✻ ❀ ❲②❛tt✱ ✷✵✵✽✮✳ ❖r✱ ❞❛♥s ❧❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥é✲
t❛✐r❡s✱ ❧❛ ❢r✐❝t✐♦♥ ❞✉ ❣❛③ ❢r❡✐♥❡ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ ❡t ♠❛✐♥t✐❡♥t ❧❡s ♣❧❛♥étés✐♠❛✉①
s✉r ❞❡s ♦r❜✐t❡s à ♣❡✉ ♣rès ❝✐r❝✉❧❛✐r❡s ❡t ♣❡✉ ✐♥❝❧✐♥é❡s✳ ▲❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ét❛♥t ✐ss✉s ❞❡s ❞✐s✲
q✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s✱ ❧❡✉r ❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ✐♥✐t✐❛❧❡ ❡st très ❢❛✐❜❧❡ ❡t ❧❡s ✈✐t❡ss❡s r❡❧❛t✐✈❡s
❡♥tr❡ ♣❧❛♥étés✐♠❛✉① s♦♥t ❢❛✐❜❧❡s ❡❧❧❡s ❛✉ss✐✳
▲❛ ♣rés❡♥❝❡ ❞❡ ♣♦✉ss✐èr❡ ♥♦♥ ♣r✐♠♦r❞✐❛❧❡ ❞❛♥s ❞❡s s②stè♠❡s st❡❧❧❛✐r❡s ✭❝✬❡st✲à✲❞✐r❡ ❛✉t♦✉r
❞✬ét♦✐❧❡s ❞♦♥t ❧✬â❣❡ ❡st s✉♣ér✐❡✉r ❛✉ t❡♠♣s ❞❡ P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✱ éq✉❛t✐♦♥ ✶✳✻✮ ✐♥❞✐q✉❡ ♥é❛♥✲
♠♦✐♥s q✉❡ ❞❡s ❝♦❧❧✐s✐♦♥s ❞❡str✉❝tr✐❝❡s ♦♥t ❧✐❡✉ ❞❛♥s ❞❡s ❞✐sq✉❡s ❞❡ ♣❧❛♥étés✐♠❛✉① ❞✬â❣❡s ❞✐✈❡rs✳
P❧✉s✐❡✉rs ♣r♦❝❡ss✉s ♣❡✉✈❡♥t ✐♥✐t✐❡r ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ ♥é❝❡ss❛✐r❡ ♣♦✉r q✉✬❛✐❡♥t
❧✐❡✉ ❧❡s ❝♦❧❧✐s✐♦♥s ❞❡str✉❝tr✐❝❡s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ✿ ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞✬ét♦✐❧❡s ♦✉
❞❡ ♣❧❛♥èt❡s ❞❛♥s ❧❡ s②stè♠❡✱ ♣❛ss❛❣❡ st❡❧❧❛✐r❡ ♣r♦❝❤❡✱ ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ♠✉t✉❡❧❧❡s
❡♥tr❡ ❧❡s ♣❧❛♥étés✐♠❛✉① ✭❧✬❛✉t♦✲❣r❛✈✐té ❞✉ ❞✐sq✉❡✮ ♦✉ ❛❝❝rét✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉① s✉✣s❛♠♠❡♥t
❣r♦s ♣♦✉r ♣❡rt✉r❜❡r ❧❡s ❛✉tr❡s✳ ❈❡s é✈è♥❡♠❡♥ts ♣❡✉✈❡♥t s✉r✈❡♥✐r à ❞✐✈❡rs ♠♦♠❡♥ts ❞❡ ❧❛ ✈✐❡
❞✉ ❞✐sq✉❡✳
▲❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❧❡s ♣❧✉s ❣r♦s ♣❧❛♥étés✐♠❛✉① ❣é♥èr❡♥t ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✱ ❞❛♥s
❧❛q✉❡❧❧❡ ❧❡s ❝♦❧❧✐s✐♦♥s ❞❡str✉❝tr✐❝❡s ❡♥tr❡ ❧❡s ♣❧✉s ❣r♦s ♣❧❛♥étés✐♠❛✉① ♣r♦❞✉✐s❡♥t ❞❡s ❢r❛❣♠❡♥ts
❞❡ t❛✐❧❧❡s ❞✐✈❡rs❡s✱ ❧❡sq✉❡❧s ❡♥❣❡♥❞r❡♥t à ❧❡✉r t♦✉r ❞❡s ❝♦❧❧✐s✐♦♥s✱ ❡t❝✳ ❉❛♥s ❧❡ ❝❛s ✐❞é❛❧✱ ❡t à
❧✬ét❛t ❞✬éq✉✐❧✐❜r❡✱ ❉♦❤♥❛♥②✐ ✭✶✾✻✾✮ ❛ ♠♦♥tré q✉❡ ❝❡ ♣r♦❝❡ss✉s ♠❡♥❛✐t à ❝❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s ❡t ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ s✉✐✈❡ ✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✿ dn(a) ∝ a−7/2✱
❝❡ q✉✐ éq✉✐✈❛✉t à ❞✐r❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ s✉✐t ❧❛ ❧♦✐ dn(m) ∝ m−11/6✳ ❈❡tt❡ ❧♦✐ ❡st
✐♥❞é♣❡♥❞❛♥t❡ ❞✉ ♠❛tér✐❛✉ ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♣r♦♣r✐étés ❞❡s ❞✐sq✉❡s
❞é❞✉✐t❡s ❞❡s ♦❜s❡r✈❛t✐♦♥s✳ ◆é❛♥♠♦✐♥s✱ ❧❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ♠♦♥tr❡♥t q✉❡ ❝❡tt❡ ❧♦✐ ♥✬❡st
♣❛s ♣❛r❢❛✐t❡♠❡♥t r❡s♣❡❝té❡✳ ❉✬❛❜♦r❞ ♣❛r❝❡ q✉❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❞♦♥t ❞é✲
❝♦✉❧❡ Q∗D✱ ♥✬❡st ♣❛s t♦t❛❧❡♠❡♥t ✐♥❞é♣❡♥❞❛♥t❡ ❞❡ ❧❛ t❛✐❧❧❡ ✿ ❛✉✲❞❡ss✉s ❞✬✉♥❡ ❝❡♥t❛✐♥❡ ❞❡ ♠ètr❡s✱
❧✬é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞♦✐t êtr❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡✳ ❊♥s✉✐t❡✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡
❞❡s ❣r❛✐♥s ❝♦♥♥❛ît ✉♥❡ ❝♦✉♣✉r❡ ❛❜r✉♣t❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ✓ ❜❧♦✇✲♦✉t s✐③❡ ✔✱ q✉✐ s❡ ré♣❡r❝✉t❡ s✉r
❧❡s t❛✐❧❧❡s s✉♣ér✐❡✉r❡s s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ✓ ✈❛❣✉❡ ✔ ❞❛♥s ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ✭❚❤é❜❛✉❧t ❛♥❞
❆✉❣❡r❡❛✉✱ ✷✵✵✼ ❀ ❉✉r❞❛ ❛♥❞ ❉❡r♠♦tt✱ ✶✾✾✼✮✳
▲❡ ♣r♦❝❡ss✉s ❝♦❧❧✐s✐♦♥♥❡❧ ♥✬❡st ♣❛s t♦✉❥♦✉rs ❞♦♠✐♥❛♥t ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳
■❧ ♥❡ ❧✬❡st q✉❡ ❧♦rsq✉❡ ❧❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s ❝♦❧❧✐s✐♦♥♥❡❧❧❡s ✭q✉✐ ❞é♣❡♥❞❡♥t ❞❡s ❞✐♠❡♥s✐♦♥s ❞✉
❞✐sq✉❡✱ ❞❡ ❧❛ t❛✐❧❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t ❞❡ ❧❡✉r ✈✐t❡ss❡ r❡❧❛t✐✈❡✮ s♦♥t ♣❧✉s ❝♦✉rt❡s q✉❡ ❧❡s
é❝❤❡❧❧❡s ❞❡ t❡♠♣s ❞❡s ❢♦r❝❡s ❞❡ ❢r✐❝t✐♦♥ ❧✐é❡s ❛✉① r❛❞✐❛t✐♦♥s ❡t ✈❡♥ts st❡❧❧❛✐r❡s✳ ❉❛♥s ❝❡ ❝❛s✱
✸✵
♦♥ ♣❛r❧❡ ❞❡ ❞✐sq✉❡ ❞♦♠✐♥é ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s✳ ❉❛♥s ❝❡s ❞✐sq✉❡s✱ ❉♦♠✐♥✐❦ ❛♥❞ ❉❡❝✐♥ ✭✷✵✵✸✮ ♦♥t
♠♦♥tré q✉❡ ❧❛ q✉❛♥t✐té ❞❡ ♣♦✉ss✐èr❡ ❞é❝r♦✐ss❛✐t ♣r♦♣♦rt✐♦♥♥❡❧❧❡♠❡♥t à t−1✱ ♦ù t ❡st ❧✬â❣❡ ❞✉
❞✐sq✉❡✳ ❉❛♥s ❧❡s ❞✐sq✉❡s ❞♦♠✐♥és ♣❛r ❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥ ✭♦ù ❧❛ ♣♦✉ss✐èr❡ ❡st ❞étr✉✐t❡ ❡♥
s♣✐r❛❧❛♥t s✉r ❧✬ét♦✐❧❡✮✱ ❝❡tt❡ ❞é❝r♦✐ss❛♥❝❡ ❡st ∝ t−2✱ ❞♦♥❝ ♥❡tt❡♠❡♥t ♣❧✉s r❛♣✐❞❡✳ ▲❛ ♣♦✉ss✐èr❡
❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ❡st ❞♦♠✐♥é❡ ♣❛r ❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧✬❡♥s❡♠❜❧❡ ❞❡s
❛✉tr❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❝♦♥♥✉s s♦♥t ❞♦♠✐♥és ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s ❀ ❡♥ ❡✛❡t✱ ❧❡s ❞✐sq✉❡s ❞♦♠✐♥és
♣❛r ❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥ ♦♥t ✉♥❡ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ tr♦♣ ❢❛✐❜❧❡ ♣♦✉r êtr❡ ❞ét❡❝té
❛✈❡❝ ❧❡s ♠♦②❡♥s ❛❝t✉❡❧s✳ ▲❡s ♦❜s❡r✈❛t✐♦♥s ✐♥❞✐q✉❡♥t q✉❡✱ ❧♦rsq✉❡ ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡ ❧❛ q✉❛♥t✐té
❞❡ ♣♦✉ss✐èr❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡st ♠♦❞é❧✐sé❡ ♣❛r ✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ t−ξ✱ ξ ≤ ✶ ✭●r❡❛✈❡s
❛♥❞ ❲②❛tt✱ ✷✵✵✸ ❀ ▲✐✉ ❡t ❛❧✳✱ ✷✵✵✹ ❀ ●r❡❛✈❡s ❡t ❛❧✳✱ ✷✵✵✺ ❀ ❘✐❡❦❡ ❡t ❛❧✳✱ ✷✵✵✺ ❀ ▼♦ór ❡t ❛❧✳✱ ✷✵✵✻✮✱
❝❡ q✉✐ ❝♦♥✜r♠❡ q✉❡ ❧❡s ❞✐sq✉❡s ♦❜s❡r✈és s♦♥t ❞♦♠✐♥és ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♥♦♥ ♣❡rt✉r❜é ♣❛r ❞❡s ❢♦r❝❡s ❡①tér✐❡✉r❡s✱ ❧❛ t❛✐❧❧❡ ❞❡s
♣❧❛♥étés✐♠❛✉① q✉✐ ❛❧✐♠❡♥t❡♥t ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ❡st ♥é❝❡ss❛✐r❡♠❡♥t ❝❡❧❧❡ ❞♦♥t ❧❡ t❡♠♣s
❝♦❧❧✐s✐♦♥♥❡❧ ❛ss♦❝✐é ❡st é❣❛❧ à ❧✬â❣❡ ❞✉ s②stè♠❡✳ ◆é❛♥♠♦✐♥s✱ ❞❡ r❛r❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❞❡ très ❣r♦s
♣❧❛♥étés✐♠❛✉① ✭♦✉ ♠ê♠❡ ❞❡s ♣❧❛♥èt❡s✮ ♣❡✉✈❡♥t ❧✐❜ér❡r ❡♥ ♣❡✉ ❞❡ t❡♠♣s ❞✬é♥♦r♠❡s q✉❛♥t✐tés ❞❡
♣♦✉ss✐èr❡s ❞❛♥s ✉♥ s②stè♠❡✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞❡ ❝♦❧❧✐s✐♦♥s st♦❝❤❛st✐q✉❡s✳ ❈❡s ❝♦❧❧✐s✐♦♥s ♣❡✉✈❡♥t
❡❧❧❡s✲♠ê♠❡s êtr❡ à ❧✬♦r✐❣✐♥❡ ❞✬✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✳ ❇✐❡♥ q✉❡ ❝❡s é✈è♥❡♠❡♥ts s♦✐❡♥t très
r❛r❡s✱ ❧❡✉rs ❡✛❡ts ♣♦✉rr❛✐❡♥t êtr❡ ❞ét❡❝t❛❜❧❡s ❞❡♣✉✐s ❧❛ ❚❡rr❡✳
▲❡s ✐♠❛❣❡s rés♦❧✉❡s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♦♥t ♠♦♥trés ❞❡ ♥♦♠❜r❡✉s❡s str✉❝t✉r❡s ❞❛♥s ❝❡s
❞✐sq✉❡s ✿ ❣❛✉❝❤✐ss❡♠❡♥t ✭❍❡❛♣ ❡t ❛❧✳✱ ✷✵✵✵✮✱ ❞❡s ✓ ❣r❛♣♣❡s ✔ ✭❝❧✉♠♣s✮ ✭❲✐❧♥❡r ❡t ❛❧✳✱ ✷✵✵✷ ❀
●r❡❛✈❡s ❡t ❛❧✳✱ ✷✵✵✺✮✱ ❞❡s s♣✐r❛❧❡s ✭❈❧❛♠♣✐♥ ❡t ❛❧✳✱ ✷✵✵✸ ❀ ❲②❛tt✱ ✷✵✵✺✮✱ ❞❡s ❛s②♠étr✐❡s ❛③✐✲
♠✉t❛❧❡s ✭❚❡❧❡s❝♦ ❡t ❛❧✳✱ ✷✵✵✵✮✱ ❞❡s ❝❡♥tr❡s ❞❡ s②♠étr✐❡ ❞é❝❛❧és ♣❛r r❛♣♣♦rt à ❧✬ét♦✐❧❡ ✭❑❛❧❛s
❡t ❛❧✳✱ ✷✵✵✺✮✳ ❈❡s str✉❝t✉r❡s s♦♥t ❝❡❧❧❡s ❛tt❡♥❞✉❡s ♣♦✉r ❞❡s ❞✐sq✉❡s ♣❡rt✉r❜és ♣❛r ❞❡s ♣❧❛♥èt❡s✳
▲❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♣❡✉✈❡♥t ❛✐♥s✐ ❞♦♥♥❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❛ ♣rés❡♥❝❡ ❞❡ ♣❧❛♥èt❡s à ❞❡s
❞✐st❛♥❝❡s ❞❡ ❧❡✉r ét♦✐❧❡ q✉✐ ❧❡s r❡♥❞❡♥t ✐♥❛❝❝❡ss✐❜❧❡s ❛✉① ♠ét❤♦❞❡s ❞❡s tr❛♥s✐ts ♦✉ ❞❡s ✈✐t❡ss❡s
r❛❞✐❛❧❡s✳ ❈❡rt❛✐♥❡s ❞❡ ❝❡s ♣❧❛♥èt❡s✱ ❛✉t♦✉r ❞❡ ❋♦♠❛❧❤❛✉t ✭❑❛❧❛s ❡t ❛❧✳✱ ✷✵✵✽ ❀ ❈❤✐❛♥❣ ❡t ❛❧✳✱
✷✵✵✾✮ ♦✉ ❞❡ β P✐❝t♦r✐s ✭▲❛❣r❛♥❣❡ ❡t ❛❧✳✱ ✷✵✶✵✮ ♣❛r ❡①❡♠♣❧❡✱ ♦♥t été ❞❡♣✉✐s ❝♦♥✜r♠é❡✳
▲✬❛r❝❤✐t❡❝t✉r❡ ❞❡s s②stè♠❡s ♣❧❛♥ét❛✐r❡s ♥✬❡st ♣❛s ♥é❝❡ss❛✐r❡♠❡♥t ✜①é❡ à ❧✬✐ss✉❡ ❞❡ ❧❛ ♣❤❛s❡
♣r♦t♦♣❧❛♥ét❛✐r❡ ❞✉ ❞✐sq✉❡✳ ▲✬é✈♦❧✉t✐♦♥ s✉❜séq✉❡♥t❡ ❞✉ s②stè♠❡ ♣❡✉t ♠❡♥❡r à ❞❡s ♠✐❣r❛t✐♦♥s ♦✉
à ❞❡s é❥❡❝t✐♦♥s ❞✉ s②stè♠❡ ✭❋♦r❞ ❛♥❞ ❘❛s✐♦✱ ✷✵✵✽ ❀ ❘❛②♠♦♥❞ ❡t ❛❧✳✱ ✷✵✶✵✮✳ ❈❡❧❛ ❛ ❞❡ ❣r❛♥❞❡s
❝♦♥séq✉❡♥❝❡s s✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✭❘❛②♠♦♥❞ ❡t ❛❧✳✱ ✷✵✶✶✱ ✷✵✶✷✮✳ ❆✐♥s✐✱ ❞✬❛♣rès ❧❡ ♠♦❞è❧❡
❞❡ ◆✐❝❡ ✭●♦♠❡s ❡t ❛❧✳✱ ✷✵✵✺✮✱ ✉♥❡ rés♦♥❛♥❝❡ ❞❡ ♠♦②❡♥ ♠♦✉✈❡♠❡♥t ❡♥tr❡ ❏✉♣✐t❡r ❡t ❙❛t✉r♥❡✱ ✼✵✵
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡ ❛♣rès ❧❛ ♥❛✐ss❛♥❝❡ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡✱ s❡r❛✐t à ❧✬♦r✐❣✐♥❡ ❞✬✉♥❡ ❣r❛♥❞❡ ♣❡rt✉r❜❛✲
t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞✉ ❙②stè♠❡ s♦❧❛✐r❡✱ q✉✐ s❡ ❧✐t ❞❛♥s ❧❡s ♥♦♠❜r❡✉① ❝r❛tèr❡s ❧✉♥❛✐r❡s ❞❡
❝❡tt❡ é♣♦q✉❡✳ ❉❡ ♠ê♠❡✱ ❧❛ str✉❝t✉r❛t✐♦♥ ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ❛ été ❢♦r❣é❡ ♣❛r ❧❛ ♠✐❣r❛t✐♦♥
❞❡ ◆❡♣t✉♥❡ ✭❈❤✐❛♥❣ ❡t ❛❧✳✱ ✷✵✵✼ ❀ ▼♦r❜✐❞❡❧❧✐ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲❡s ❣r❛♥❞❡s ❡①❝❡♥tr✐❝✐tés ♦❜s❡r✈é❡s
❞❛♥s ❝❡rt❛✐♥s s②stè♠❡s ♣❧❛♥ét❛✐r❡s ❡①tr❛s♦❧❛✐r❡s✱ ❛✐♥s✐ q✉❡ ❞✐✈❡rs❡s ét✉❞❡s ♥✉♠ér✐q✉❡s ✭❏✉r✐➣
❛♥❞ ❚r❡♠❛✐♥❡✱ ✷✵✵✽ ❀ ❋♦r❞ ❛♥❞ ❘❛s✐♦✱ ✷✵✵✽✮✱ s❡♠❜❧❡♥t ♠♦♥tr❡r q✉❡ ❧❡s ✐♥st❛❜✐❧✐tés ❞②♥❛♠✐q✉❡s
s♦♥t ❝♦✉r❛♥t❡s ❞❛♥s ❝❡s s②stè♠❡s✳ ❈❡s ✐♥st❛❜✐❧✐tés ♣❡✉✈❡♥t ♣✉r❣❡r ♦✉ str✉❝t✉r❡r ❞❡ ❞✐✈❡rs❡s
♠❛♥✐èr❡s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳
✸✶
✶✳✹ ▼♦t✐✈❛t✐♦♥s ❞✉ tr❛✈❛✐❧ ❞❡ t❤ès❡
▲❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡t ♣❧❛♥èt❡s ❛ss♦❝✐é❡s ❡st ✉♥ ❡♥❥❡✉ ✐♠♣♦rt❛♥t ♣♦✉r ❧✬✐♥✲
t❡r♣rét❛t✐♦♥ ❞❡s ✐♠❛❣❡s ❞❡s ❞✐sq✉❡s✱ à ♠❡s✉r❡ q✉❡ ❧❡s t❡❝❤♥✐q✉❡s ❞✬✐♠❛❣❡r✐❡ ♣r♦❣r❡ss❡♥t✳ ▲❡s
♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❛r ❧❡s ♣❧❛♥èt❡s ✐♠✲
♣r✐♠❡♥t ✉♥❡ s✐❣♥❛t✉r❡ ♣❧✉s ♦✉ ♠♦✐♥s ✉♥✐✈♦q✉❡ ❞❡ ❧❡✉r ♣rés❡♥❝❡✱ s❡❧♦♥ ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s✳
➚ t❡r♠❡✱ ❧✬✐♥✈❡rs✐♦♥ ❞❡ ❧✬✐♠❛❣❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣♦✉rr❛✐t ♣❡r♠❡ttr❡ ❞❡
ré✈é❧❡r ✐♥❞✐r❡❝t❡♠❡♥t ❧✬❡①✐st❡♥❝❡ ❞❡ ♣❧❛♥èt❡s ❞❡ ❧♦♥❣✉❡s ♣ér✐♦❞❡s✱ q✉❡ ❧❡s ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡s
r❛❞✐❛❧❡s ♦✉ ❞❡ tr❛♥s✐ts ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ♣♦✉r ❧✬✐♥st❛♥t ❞❡ ❞ét❡❝t❡r✳ ❇❡❛✉❝♦✉♣ ❞✬ét✉❞❡s ♦♥t été
❝♦♥s❛❝ré❡s à ❝❡ ♣r♦❜❧è♠❡ ✭♣❛r ❡①❡♠♣❧❡✱ ❲②❛tt ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❖③❡r♥♦② ❡t ❛❧✳ ✭✷✵✵✵✮✱ ❑✉❝❤♥❡r
❛♥❞ ❍♦❧♠❛♥ ✭✷✵✵✸✮✱ ❘❡❝❤❡ ❡t ❛❧✳ ✭✷✵✵✽✮✮✳
❈❡♣❡♥❞❛♥t✱ ♣❡✉ ❞✬ét✉❞❡s ♦♥t été ❝♦♥s❛❝ré❡s à ❧❛ ♣✉r❣❡ ❞❡s ❞✐sq✉❡s ❞❡ ❧❡✉rs ♣❧❛♥étés✐♠❛✉①
♣❛r ❧❡s ✐♥t❡r❛❝t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❛✈❡❝ ❧❡s ♣❧❛♥èt❡s ❡t à s♦♥ ✐♠♣❛❝t s✉r ❧❛ ❞ét❡❝t❛❜✐❧✐té ❞❡s
❞✐sq✉❡s✳ P❡✉ ❞✬ét✉❞❡s ❛✉ss✐ ♦♥t été ❝♦♥s❛❝ré❡s à ❧✬✐♥t❡r❛❝t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❡♥tr❡ ✉♥ ❞✐sq✉❡
❡t s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❀ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡ ♣❛ss❛❣❡ ❞✬ét♦✐❧❡s ♣r♦❝❤❡s ✭▲❛r✇♦♦❞ ❛♥❞ ❑❛❧❛s✱ ✷✵✵✶
❀ ▼❡❧✐t❛ ❡t ❛❧✳✱ ✷✵✵✷ ❀ ▲❡✈✐s♦♥ ❡t ❛❧✳✱ ✷✵✵✹✮ ❡t ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥❡ ♣❧❛♥èt❡ ❛✈❡❝ ❧❡ ❝♦♠♣❛❣♥♦♥
st❡❧❧❛✐r❡ ❞❛♥s ✉♥ s②stè♠❡ ❜✐♥❛✐r❡ à ❧♦♥❣✉❡ ♣ér✐♦❞❡ ✭❍♦❧♠❛♥ ❛♥❞ ❲✐❡❣❡rt✱ ✶✾✾✾ ❀ ❑❛✐❜ ❡t ❛❧✳✱
✷✵✶✸✮✳
P❡✉ ❞✬ét✉❞❡ ❛✉ss✐ ♦♥t été ❝♦♥s❛❝ré❡s à ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❞✐sq✉❡ ♣❛r ❧❡s ♣❧❛♥èt❡s✳
❈❡tt❡ ❡①❝✐t❛t✐♦♥ ❢❛✈♦r✐s❡ ❧❡ ❝r♦✐s❡♠❡♥t ❞❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t✱ ❞♦♥❝✱ ❧❡s ❝♦❧❧✐s✐♦♥s
♣r♦❞✉❝tr✐❝❡s ❞❡ ♣♦✉ss✐èr❡ ❞ét❡❝t❛❜❧❡✳ ❖♥ ♥♦t❡ ❝❡♣❡♥❞❛♥t ❧❡ s❡❧❢✲st✐rr❡❞ ♠♦❞❡❧ ❞❡ ❑❡♥②♦♥ ❛♥❞
❇r♦♠❧❡② ✭✷✵✵✹❛✮ ❡t ❧✬ét✉❞❡ ❛♥❛❧②t✐q✉❡ ❞❡ ▼✉st✐❧❧ ❛♥❞ ❲②❛tt ✭✷✵✵✾✮✳
◆♦✉s ❛✈♦♥s ❞♦♥❝ ❡♥tr❡♣r✐s ❞❛♥s ❝❡tt❡ t❤ès❡ ❞❡ ❝♦♥tr✐❜✉❡r à ❝♦♠❜❧❡r ❡♥ ♣❛rt✐❡ ❝❡s ♠❛♥q✉❡s✱
à ❧✬❛✐❞❡ ❞✬✉♥ ❝♦❞❡ ♥✉♠ér✐q✉❡ q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ❡t q✉❡ ♥♦✉s ❞é❝r✐✈♦♥s ❛✉ ❝❤❛♣✐tr❡ ✷✳
◆♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ♣❛rt✐❝✐♣é à ❧✬ét✉❞❡ ❞✬✉♥ ❞✐sq✉❡ ❡♥ ✐♥t❡r❛❝t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❛✈❡❝ ✉♥❡
ét♦✐❧❡ ❡♥❝♦r❡ ♣❧♦♥❣é❡ ❞❛♥s ❧✬❛♠❛s ♦✉✈❡rt ❞❡ s❛ ♥❛✐ss❛♥❝❡✱ ♣❡♥❞❛♥t s❡s ✶✵✵ ♣r❡♠✐❡rs ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s✱ q✉❛♥❞ ❧❛ ❢réq✉❡♥❝❡ ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❡♥tr❡ ét♦✐❧❡s ❡st ❡♥❝♦r❡ é❧❡✈é❡✳ ❈❡ tr❛✈❛✐❧
❝♦❧❧❡❝t✐❢ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡ ❧✬❛♥♥❡①❡ ❆ ✭▲❡str❛❞❡ ❡t ❛❧✳✱ ✷✵✶✶✮✳ ◆♦✉s ❛✈♦♥s ❡♥✲
s✉✐t❡ ét✉❞✐é s✐ ❧❡ ♣❛ss❛❣❡ ❞✬✉♥❡ ét♦✐❧❡✱ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t st❡❧❧❛✐r❡ ♠♦✐♥s ❞❡♥s❡✱ s❡♠❜❧❛❜❧❡
❛✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡✱ ♣♦✉✈❛✐t ❞ést❛❜✐❧✐s❡r ✉♥ ♥✉❛❣❡ ❞❡ ❖♦rt ❡t ♣r♦✈♦q✉❡r ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡
❝♦♠èt❡s ✭✓ ❝♦♠❡t s❤♦✇❡r ✔✮ ✈❡rs ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ▲❡ ❜✉t ❞❡ ❧✬ét✉❞❡ ❛ été ❞❡ ❞ét❡r♠✐♥❡r s✐
❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❧❡s ❝♦♠èt❡s ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ❞ést❛❜✐❧✐sés ❡t ❧❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡
ét❛✐❡♥t s✉s❝❡♣t✐❜❧❡s ❞❡ ♣r♦❞✉✐r❡ s✉✣s❛♠♠❡♥t ❞❡ ♣♦✉ss✐èr❡ ♣♦✉r r❡♥❞r❡ ❧❡ ❞✐sq✉❡ ❞ét❡❝t❛❜❧❡✳
▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❡st ❞é❝r✐t ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✳
◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ét✉❞✐é ❧✬❡✛❡t ❞❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s s✉❜✐❡s ♣❛r ✉♥ ❞✐sq✉❡
❞❡ ❞é❜r✐s ❞❛♥s ❧❡s s②stè♠❡s st❡❧❧❛✐r❡s ❜✐♥❛✐r❡s à ❧♦♥❣✉❡ ♣ér✐♦❞❡s✱ ❝✬❡st✲à✲❞✐r❡ ❞❡ ❞❡♠✐✲❣r❛♥❞s
❛①❡s ❞❡ q✉❡❧q✉❡s ❝❡♥t❛✐♥❡s ❞✬❯❆✳ ◆♦✉s ❛✈♦♥s é✈❛❧✉é q✉❡❧s s♦♥t ❧❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞✉ s②s✲
tè♠❡ ❜✐♥❛✐r❡ q✉✐ ♣❡r♠❡tt❡♥t ❞❡ ♣✉r❣❡r ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ❛✜♥ ❞❡ ❧❡s r❡❧✐❡r ❛✉① st❛t✐st✐q✉❡s
❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞❛♥s ❧❡s s②stè♠❡s ❜✐♥❛✐r❡s ✭❘♦❞r✐❣✉❡③ ❛♥❞ ❩✉❝❦❡r♠❛♥✱ ✷✵✶✷✮✳ ◆♦✉s ♥♦✉s
s♦♠♠❡s é❣❛❧❡♠❡♥t ❛rrêtés s✉r ❧❛ str✉❝t✉r❛t✐♦♥ ❞✉ ❞✐sq✉❡s ♦❜s❡r✈é❡ ❛✉ ❝♦✉rs ❞❡ ❝❡s ✐♥té❣r❛t✐♦♥s
❞❡ ♣❧✉s✐❡✉rs ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ❈❡ tr❛✈❛✐❧ ❡st ❞é❝r✐t ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹✳
P✉✐s✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é ❧✬✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❡t ❧❡s ♣❧❛♥èt❡s ♦r❜✐t❛♥t à
❧✬✐♥tér✐❡✉r ❛✜♥ ❞✬é✈❛❧✉❡r ❧❛ ♣✉r❣❡✱ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t ❧❛ str✉❝t✉r❛t✐♦♥ ❞❡s ❞✐sq✉❡s q✉✐
✸✷
❡♥ rés✉❧t❡♥t✳ ◆♦✉s ❛✈♦♥s ❝♦♥❞✉✐t ♣❧✉s✐❡✉rs ❧♦♥❣✉❡s s✐♠✉❧❛t✐♦♥s ♣♦✉r ❡①♣❧♦r❡r ✉♥ ❡s♣❛❝❡ ❞❡s
♣❛r❛♠ètr❡s r❡♣rés❡♥t❛t✐❢ ❞❡s ♠❛ss❡s st❡❧❧❛✐r❡s ❞❡ t②♣❡s ❆ à ▼✱ ❞❡s ♠❛ss❡s ❞❡s ♣❧❛♥èt❡s ❣é❛♥t❡s✱
❡t ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♦r❜✐t❡s ♣❧❛♥ét❛✐r❡s✳ ❊♥ ♣❧✉s✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é✱ ❞❛♥s ❧❡ ♠ê♠❡ ❜✉t✱
❧❡ ❝❛s ❞✬✉♥❡ ♣❧❛♥èt❡ ❛②❛♥t ✉♥❡ ♦r❜✐t❡ s❡♠❜❧❛❜❧❡ à ❧✬♦❜❥❡t tr❛♥s♥❡♣t✉♥✐❡♥ ❙❡❞♥❛✱ à très ❢♦rt❡
❡①❝❡♥tr✐❝✐té ❡t tr❛✈❡rs❛♥t ❧❡ ❞✐sq✉❡✳ ▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❡st ♣rés❡♥té ❞❛♥s ❧❛ ❝❤❛♣✐tr❡ ✺✳
◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t t❡♥té ❞✬❛♣♣♦rt❡r ✉♥❡ ❡①♣❧✐❝❛t✐♦♥ à ✉♥ ❢❛✐t ❞✬♦❜s❡r✈❛t✐♦♥ ✿ ❧❡s ❞✐s✲
q✉❡s ❞❡ ❞é❜r✐s s❡♠❜❧❡♥t très r❛r❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ét♦✐❧❡s
❞❡ t②♣❡ s♦❧❛✐r❡✳ P❧✉s✐❡✉rs ét✉❞❡s st❛t✐st✐q✉❡s ♦♥t été ♠❡♥é❡s s✉r ❧❛ ❢réq✉❡♥❝❡ ❞❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❡♥ ✉t✐❧✐s❛♥t ❧❡s ❞♦♥♥é❡s ❞✉
♣❤♦t♦♠ètr❡ ▼■P❙ ❞✉ té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❙♣✐t③❡r✳ ■❧ ❡♥ r❡ss♦rt q✉✬❡♥✈✐r♦♥ ✉♥ t✐❡rs ❞❡s ét♦✐❧❡s ❞❡
t②♣❡ ❆ ❛❜r✐t❡♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ❞ét❡❝t❛❜❧❡ à ✷✹ ❡t à ✼✵ µ♠ ✭❙✉ ❡t ❛❧✳✱ ✷✵✵✻ ❀ ❲②❛tt ❡t ❛❧✳✱
✷✵✵✸✮✳ ❊♥✈✐r♦♥ ✶✻ ✪ ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ✭t②♣❡s ❋✱ ● ❡t ❑✮ s❡♠❜❧❡♥t ❛❜r✐t❡r ✉♥ ❞✐sq✉❡
❞❡ ❞é❜r✐s ✭◆❛❥✐t❛ ❛♥❞ ❲✐❧❧✐❛♠s✱ ✷✵✵✺ ❀ ❇❡✐❝❤♠❛♥ ❡t ❛❧✳✱ ✷✵✵✻ ❀ ❇r②❞❡♥ ❡t ❛❧✳✱ ✷✵✵✻ ❀ ❚r✐❧❧✐♥❣
❡t ❛❧✳✱ ✷✵✵✽✮✱ ❡t s❡✉❧❡♠❡♥t ∼ ✺ ✪ ❞❡s ét♦✐❧❡s ▼ ✭▲❡str❛❞❡ ❡t ❛❧✳✱ ✷✵✵✻✱ ✷✵✵✾ ❀ ●❛✉t✐❡r ❡t ❛❧✳✱
✷✵✵✼✮✳ ❉❡ ♣❧✉s ré❝❡♥t❡s ❞♦♥♥é❡s ❞✉ té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❍❡rs❝❤❡❧ ❝♦♥✜r♠❡♥t ❝❡tt❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡
❧❡s t②♣❡s s♣❡❝tr❛✉① st❡❧❧❛✐r❡s ✭❊✐r♦❛ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❈❡ ❞é✜❝✐t ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s
ét♦✐❧❡s ▼ ♥✬❡st ♣❛s ❜✐❡♥ ❡①♣❧✐q✉é à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡✳ ■❧ ❛ été s✉❣❣éré q✉✬✐❧ ♣♦✉rr❛✐t s✬❛❣✐r ❞✬✉♥
❜✐❛✐s ♦❜s❡r✈❛t✐♦♥♥❡❧ ✭❧❡s ❞✐sq✉❡s ❢r♦✐❞s ❞❡s ét♦✐❧❡s ▼ ♥❡ s♦♥t ♣❛s ❞ét❡❝t❛❜❧❡s à ✷✹ ♦✉ à ✼✵ µ♠✮✱
♦✉ q✉❡ ❝❡❧❛ s❡r❛✐t ❞û à ❧✬â❣❡ ❞❡ ❝❡s ét♦✐❧❡s ♦✉ à ❧❡✉rs ✈❡♥ts st❡❧❧❛✐r❡s ♣✉✐ss❛♥ts✳ ◆♦✉s ♣r♦♣♦s♦♥s
❞❛♥s ❝❡tt❡ t❤ès❡ ❞✬❛✉tr❡s s✉❣❣❡st✐♦♥s✳
◆♦✉s ❛✈♦♥s ❛❞♦♣té ❧❡ ❝❛❞r❡ ❞✉ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s s♦✉♠✐s à ér♦s✐♦♥
♣❛r ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ❞é✈❡❧♦♣♣é ♣❛r ❉♦♠✐♥✐❦ ❛♥❞ ❉❡❝✐♥ ✭✷✵✵✸✮ ❡t ❲②❛tt ❡t ❛❧✳
✭✷✵✵✼❛✮✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ♥♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ❛❥✉sté ❧❡s ♣❛r❛♠ètr❡s ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s
❞❡ ❞é❜r✐s ❛✉① ♣r♦♣r✐étés st❛t✐st✐q✉❡s ✈r❛✐s❡♠❜❧❛❜❧❡s ❛✉① r❡❧❡✈és ❙♣✐t③❡r ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉✲
t♦✉r ❞❡s ét♦✐❧❡s ❆ ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮ ❡t ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ❋●❑ ❞❡ ❚r✐❧❧✐♥❣ ❡t ❛❧✳
✭✷✵✵✽✮✱ à ❧✬❛✐❞❡ ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t✳ ◆♦✉s ❛✈♦♥s ♠♦♥tré q✉❡ ❧❡s ♣❛r❛♠ètr❡s
❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡s ❞✐sq✉❡s ❛✉t♦✉r ❞❡ ❝❡s ❞❡✉① t②♣❡s ❞✬ét♦✐❧❡s s♦♥t ❝♦❤ér❡♥ts✱ ♠❛✐s ❝♦✉✈r❡♥t
✉♥ ❞♦♠❛✐♥❡ ❞❡ s♦❧✉t✐♦♥s ♣♦ss✐❜❧❡s ❛ss❡③ ❧❛r❣❡✳ ◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ tr❛♥s❢éré ❝❡tt❡ ♣♦♣✉❧❛t✐♦♥
❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼ ❞❡s r❡❧❡✈és ❙♣✐t③❡r ❞❡ ●❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✼✮ ❞❛♥s
❧✬✐♥❢r❛r♦✉❣❡ ❧♦✐♥t❛✐♥ ❡t ❞❡ ▲❡str❛❞❡ ❡t ❛❧✳ ✭✷✵✵✻✱ ✷✵✵✾✮ ❞❛♥s ❧❡ s✉❜♠✐❧❧✐♠étr✐q✉❡✳ ◆♦✉s ❛✈♦♥s
r❡❝❤❡r❝❤é ❧❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ ♥é❝❡ss❛✐r❡s ♣♦✉r q✉✬✐❧ ❡①♣❧✐q✉❡ ❧❛ r❛r❡té
❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞ét❡❝tés ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼✳ ◆♦✉s ❞✐s❝✉t♦♥s ❞❡ ❧✬é✈❡♥t✉❡❧❧❡ s✐♥❣✉❧❛r✐té
❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼✳ ❈❡ tr❛✈❛✐❧ ❡st ♣rés❡♥té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✻ ❡t ❛ ❢❛✐t
❧✬♦❜❥❡t ❞✬✉♥ ❛rt✐❝❧❡ s♦✉♠✐s à ❆✫❆ ❡t ♣rés❡♥té à ❧✬❛♥♥❡①❡ ❇✳
✸✸

❈❤❛♣✐tr❡ ✷
❉❡s❝r✐♣t✐♦♥ ❞✉ ❝♦❞❡
❈❡tt❡ s❡❝t✐♦♥ ❞é❝r✐t ❧❡ ❝♦❞❡ ✉t✐❧✐sé ❛✉① ❝❤❛♣✐tr❡s ✸✱ ✹ ❡t ✺✳ ▲❡ ❝♦❞❡ ❛ ♣♦✉r ♦❜❥❡t ❞❡ s✐♠✉❧❡r
❧✬é✈♦❧✉t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡✱ ♣❡rt✉r❜é ♣❛r ✉♥ ❛✉tr❡ ♦❜❥❡t
✭♣❧❛♥èt❡ ♦✉ ét♦✐❧❡✮✳ ■❧ ❛ été é❝r✐t ❡♥ ❋♦rtr❛♥ ✾✵ ❡t ❛ été ♣❛r❛❧❧é❧✐sé ❛✈❡❝ ❖♣❡♥▼P ♣♦✉r êtr❡ ❧❛♥❝é
s✉r ❧❛ ❣r❛♣♣❡ ❞❡ ❝❛❧❝✉❧ ❞❡ ▼❡✉❞♦♥✳
✷✳✶ ➱q✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t
▲❡ ❝♦❞❡ s✐♠✉❧❡ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❞❡✉① ♦❜❥❡ts ♠❛ss✐❢s ✭❞❡✉① ét♦✐❧❡s ♦✉ ✉♥❡ ét♦✐❧❡ ❡t ✉♥❡
♣❧❛♥èt❡✮ ❡t ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣❧❛♥étés✐♠❛✉① s❛♥s ♠❛ss❡✱ r❡♣rés❡♥t❛♥t ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳
❙❡✉❧❡s ❧❡s ❢♦r❝❡s ❞❡ ❣r❛✈✐t❛t✐♦♥ ❞✉❡s ❛✉① ♦❜❥❡ts ♠❛ss✐❢s s♦♥t ❝❛❧❝✉❧é❡s✳ ▲❡ ❞✐sq✉❡ ♥✬❡st ♣❛s ❛✉t♦✲
❣r❛✈✐t❛♥t✱ ❡t ❧❡s ❝♦❧❧✐s✐♦♥s ♥❡ s♦♥t ♣❛s ♣r✐s❡s ❡♥ ❝♦♠♣t❡✳ ▲❡s ♣❧❛♥étés✐♠❛✉① ♥❡ s✬✐♥✢✉❡♥ç❛♥t ♣❛s
❡♥tr❡ ❡✉①✱ ❧❡s éq✉❛t✐♦♥s ❞✉ ♠♦✉✈❡♠❡♥t s♦♥t ❝❡❧❧❡s ❞✉ ♣r♦❜❧è♠❡ à tr♦✐s ❝♦r♣s r❡str❡✐♥t✱ ❣é♥ér❛❧✐sé
à ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣❛rt✐❝✉❧❡s✳ ❖♥ s❡ ♣❧❛❝❡ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞✉ ♣r❡♠✐❡r ♦❜❥❡t ♠❛ss✐❢✱ ❝✐✲❛♣rès
♥♦♠♠é ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✳ ▲❡ ♠♦✉✈❡♠❡♥t s✬❡✛❡❝t✉❡ ❞❛♥s ✉♥ ❡s♣❛❝❡ à tr♦✐s ❞✐♠❡♥s✐♦♥s✳
▲❡ ♠♦✉✈❡♠❡♥t ❞❡s ❞❡✉① ♦❜❥❡ts ♠❛ss✐❢s ♣❡✉t êtr❡ ❝❛❧❝✉❧é ❛♥❛❧②t✐q✉❡♠❡♥t✳ ▲❛ tr❛❥❡❝t♦✐r❡ ❞✉
s❡❝♦♥❞ ♣❛r r❛♣♣♦rt à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❡st ✉♥❡ ❝♦♥✐q✉❡ ✭❞♦♥t ❧❡s ❝❛r❛❝tér✐st✐q✉❡s s♦♥t ❞♦♥♥é❡s
♣❛r ❧❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s✮✱ ❡t s❛ ♣♦s✐t✐♦♥ ❡♥ ✉♥ t❡♠♣s ❞♦♥♥é t s❡ ❞é❞✉✐t ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡
❑❡♣❧❡r✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❡s ❞❡✉① ♦❜❥❡ts s♦♥t ❧✐és ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡♠❡♥t✱ ❧❛ tr❛❥❡❝t♦✐r❡ ❡st ✉♥❡
❡❧❧✐♣s❡ ❡t ❧✬éq✉❛t✐♦♥ ❞❡ ❑❡♣❧❡r s✬é❝r✐t ✭▼✉rr❛② ❛♥❞ ❉❡r♠♦tt✱ ✶✾✾✾✮ ✿
E − e sinE = M = n(t− τ) ✭✷✳✶✮
♦ù E ❡st ❧✬❛♥♦♠❛❧✐❡ ❡①❝❡♥tr✐q✉❡✱ e ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧✬♦r❜✐t❡✱M ❧✬❛♥♦♠❛❧✐❡ ♠♦②❡♥♥❡✱ τ ❧❡ ♠♦♠❡♥t
❞✉ ❞❡r♥✐❡r ♣❛ss❛❣❡ ❛✉ ♣ér✐❛str❡ ❡t n ❧❡ ♠♦②❡♥ ♠♦✉✈❡♠❡♥t ✿
n = 2π/T =
√
G(M1 +M2)
a3
✭✷✳✷✮
♦ù a ❡st ❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ❧✬♦r❜✐t❡✱ G ❧❛ ❝♦♥st❛♥t❡ ✉♥✐✈❡rs❡❧❧❡ ❞❡ ❧❛ ❣r❛✈✐t❛t✐♦♥✱M1 ❡tM2 ❧❡s
♠❛ss❡s ❞❡s ❞❡✉① ♦❜❥❡ts✳ ▲✬❛♥♦♠❛❧✐❡ ✈r❛✐❡ f s❡ ❞é❞✉✐t ❞❡ ❧✬❛♥♦♠❛❧✐❡ ❡①❝❡♥tr✐q✉❡ ♣❛r ❧❛ r❡❧❛t✐♦♥ ✿
tan
f
2
=
√
1 + e
1− e tan
E
2
✭✷✳✸✮
✸✺
❉❛♥s ❧❡ ❝❛s ♦ù ❧❡s ❞❡✉① ♦❜❥❡ts ♥❡ s♦♥t ♣❛s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡♠❡♥t ❧✐és✱ ❧❛ tr❛❥❡❝t♦✐r❡ ♣❡✉t êtr❡
✉♥❡ ♣❛r❛❜♦❧❡ ✭s✐ ❧✬é♥❡r❣✐❡ ♠é❝❛♥✐q✉❡ t♦t❛❧❡ ❞✉ s②stè♠❡ ❡st ♥✉❧❧❡✮ ♦✉ ✉♥❡ ❤②♣❡r❜♦❧❡✳ ❉❛♥s ❧❡
❝❛s ❤②♣❡r❜♦❧✐q✉❡ ✭e > 1✮✱ ♦♥ ♣❡✉t é❝r✐r❡ ✿
e sinhH −H = M = n(t− τ) ✭✷✳✹✮
♦ù H ❡st ❧✐é à ❧✬❛♥♦♠❛❧✐❡ ✈r❛✐❡ f ♣❛r ✿
tan
f
2
=
√
e+ 1
e− 1 tanh
H
2
✭✷✳✺✮
❉❛♥s ❧❡ ❝❛s ♣❛r❛❜♦❧✐q✉❡✱ ♦♥ ✉t✐❧✐s❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❇❛r❦❡r ✭▼❡✐r❡✱ ✶✾✽✺✮ ✿
1
3
tan3
f
2
+ tan
f
2
= M = 2
√
G(M1 +M2)
p3
(t− τ) ✭✷✳✻✮
♦ù p = 2a ❡st ❧❡ ♣❛r❛♠ètr❡ ❞❡ ❧✬♦r❜✐t❡✳ ❈❡tt❡ éq✉❛t✐♦♥ s❡ rés♦✉t ❛♥❛❧②t✐q✉❡♠❡♥t✱ ❣râ❝❡ à ❧❛
♠ét❤♦❞❡ ❞❡ ❈❛r❞❛♥ ✿
tan
f
2
=
(
3M +
√
9M2 + 4
2
) 1
3
+
(
3M −√9M2 + 4
2
) 1
3
✭✷✳✼✮
▲♦rsq✉❡ ❧✬♦r❜✐t❡ ❡st ❡❧❧✐♣t✐q✉❡ ♦✉ ❤②♣❡r❜♦❧✐q✉❡✱ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ s♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡ ❀ ❧❛ ♣♦✲
s✐t✐♦♥ ❞✉ ❞❡✉①✐è♠❡ ♦❜❥❡t ♠❛ss✐❢ ❡st ❝❛❧❝✉❧é❡ ♥✉♠ér✐q✉❡♠❡♥t à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s à ❧✬❛✐❞❡ ❞❡
❧❛ ♠ét❤♦❞❡ ❞❡ ◆❡✇t♦♥✳ ▲❡s ❝♦♦r❞♦♥♥é❡s ❦é♣❧ér✐❡♥♥❡s ✭♣❛r❛♠ètr❡s ♦r❜✐t❛✉① ❡t ❛♥♦♠❛❧✐❡ ✈r❛✐❡✮
s♦♥t ❡♥s✉✐t❡ ❝♦♥✈❡rt✐❡s ❡♥ ❝♦♦r❞♦♥♥é❡s ❝❛rtés✐❡♥♥❡s✳
▲❡s ♣❧❛♥étés✐♠❛✉① s♦♥t s♦✉♠✐s à ❧✬❛ttr❛❝t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡ ❝❤❛❝✉♥ ❞❡s ❞❡✉① ♦❜❥❡ts
♠❛ss✐❢s✳ ❉❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ ❞❛♥s ❧❡q✉❡❧ ❧❡s ♠♦✉✈❡♠❡♥ts s♦♥t ❝❛❧❝✉❧és✱ ❧❡
❜✐❧❛♥ ❞❡s ❢♦r❝❡s s✬❡①❡rç❛♥t s✉r ✉♥ ♣❧❛♥étés✐♠❛❧ s✬é❝r✐t ✿
∑−→
F = −GmM1
−→r
|−→r |3 +
GmM2(−→r2 −−→r )
|−→r2 −−→r |3 ✭✷✳✽✮
♦ù−→r ❧❡ r❛②♦♥ ✈❡❝t❡✉r ❛❧❧❛♥t ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ ❞❡ ♠❛ss❡M1✱ ❛✉ ♣❧❛♥étés✐♠❛❧ ❞❡ ♠❛ss❡m ♥é❣❧✐✲
❣❡❛❜❧❡✱ ❡t −→r2 ❧❡ r❛②♦♥ ✈❡❝t❡✉r ❛❧❧❛♥t ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❛✉ ❞❡✉①✐è♠❡ ♦❜❥❡t ♠❛ss✐❢✱ ❞❡ ♠❛ss❡M2✳
▼❛✐s ❧❡ ré❢ér❡♥t✐❡❧ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ♥✬❡st ♣❛s ❣❛❧✐❧é❡♥✳ ■❧ ❡st ❡♥ tr❛♥s❧❛t✐♦♥ ❛✉t♦✉r ❞✉
❝❡♥tr❡ ❞❡ ♠❛ss❡ ❞❡s ❞❡✉① ♦❜❥❡ts ♠❛ss✐❢s✱ ❧❡q✉❡❧ ❝♦♥st✐t✉❡ ❧❡ ❝❡♥tr❡ ❞✬✉♥ ré❢ér❡♥t✐❡❧ ❣❛❧✐❧é❡♥✳ ❆✉
❜✐❧❛♥ ❞❡s ❢♦r❝❡s s✬❛❥♦✉t❡ ❞♦♥❝ ❧❛ ❢♦r❝❡ ✐♥❡rt✐❡❧❧❡ ❞✬❡♥tr❛î♥❡♠❡♥t ❝♦rr❡s♣♦♥❞❛♥t à ❧✬❛ttr❛❝t✐♦♥ ❞❡
❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ♣❛r ❧❡ s❡❝♦♥❞ ♦❜❥❡t ♠❛ss✐❢✳ ▲✬éq✉❛t✐♦♥ ❞✉ ♠♦✉✈❡♠❡♥t ❞✬✉♥ ♣❧❛♥étés✐♠❛❧ s✬é❝r✐t
❞♦♥❝ ✿
d2−→r
dt2
= −GM1
−→r
|−→r |3 +
GM2(−→r2 −−→r )
|−→r2 −−→r |3 −
GM2−→r2
|−→r2 |3 ✭✷✳✾✮
❚r♦✐s ✐♥té❣r❛t❡✉rs ♥✉♠ér✐q✉❡s ♦♥t été t❡stés ♣♦✉r ❝❛❧❝✉❧❡r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡s ♣❧❛♥étés✐✲
♠❛✉① ✿ ❧❛ ♠ét❤♦❞❡ ❞✬❊✉❧❡r✱ ❞✬♦r❞r❡ ✶✱ ❧❛ ♠ét❤♦❞❡ ❞✐t❡ ✓ ❧❡❛♣❢r♦❣ ✔✱ ❞✬♦r❞r❡ ✷✱ ❡t ❧❛ ♠ét❤♦❞❡
❘✉♥❣❡✲❑✉tt❛ ❞✬♦r❞r❡ ✹ ✭Pr❡ss ❡t ❛❧✳✱ ✶✾✾✷✮✳ ❙✐ ❧❡ ♣❧❛♥étés✐♠❛❧ s✬❛♣♣r♦❝❤❡ tr♦♣ ❞✬✉♥ ❞❡s ❞❡✉①
✸✻
♦❜❥❡ts ♠❛ss✐❢s✱ ❧❡ ♣❛s ❞❡ t❡♠♣s ❡st ré❞✉✐t ♣♦✉r ❧✉✐ ✭✈♦✐r ❧❛ ✜♥ ❞❡ ❧❛ ♣❛rt✐❡ ✷✳✷✮✳
➚ ❧✬✐♥st❛♥t ✐♥✐t✐❛❧✱ ❧❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ❡♥ ♦r❜✐t❡ ❛✉t♦✉r ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ s✉r ❞❡s
♦r❜✐t❡s ❝✐r❝✉❧❛✐r❡s ♦✉ ❢❛✐❜❧❡♠❡♥t ❡①❝❡♥tr✐q✉❡s✳ ➚ ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✱ ❧❛ s✐t✉❛t✐♦♥ ❞❡ ❝❤❛q✉❡
♣❧❛♥étés✐♠❛❧ ♣❛r r❛♣♣♦rt à ❝❤❛❝✉♥ ❞❡s ♦❜❥❡ts ♠❛ss✐❢s ❡st é✈❛❧✉é❡✱ ♣♦✉r ❞ét❡r♠✐♥❡r s✐ ✐❧ ❡st ❧✐é
❣r❛✈✐t❛t✐♦♥♥❡❧❧❡♠❡♥t à ❧✬✉♥ ♦✉ à ❧✬❛✉tr❡ ♦✉ s✐ ✐❧ ❡st é❥❡❝té ❞✉ s②stè♠❡✳ ❙❛ ✈✐t❡ss❡ ❞❡ ❧✐❜ér❛t✐♦♥
♣❛r r❛♣♣♦rt à ❝❤❛❝✉♥ ❞❡s ❞❡✉① ♦❜❥❡ts ♠❛ss✐❢s ❡st ❝❛❧❝✉❧é❡ ✭vl =
√
2GMi/ri ♦ù Mi ❡st ❧❛ ♠❛ss❡
❞❡ ❧✬♦❜❥❡t ♠❛ss✐❢ ❡t ri s❛ ❞✐st❛♥❝❡ ❛✉ ♣❧❛♥étés✐♠❛❧✮✳
✕ ❙✐ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞✉ ♣❧❛♥étés✐♠❛❧ ♣❛r r❛♣♣♦rt ❛✉① ❞❡✉① ❛str❡s ❡st s✉♣ér✐❡✉r❡ ❛✉①
✈✐t❡ss❡s ❞❡ ❧✐❜ér❛t✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡✱ ❛❧♦rs ❧❡ ♣❧❛♥étés✐♠❛❧ ❡st ❝♦♥s✐❞éré ❝♦♠♠❡ é❥❡❝té
❞✉ s②stè♠❡✳
✕ ❙✐ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❡st ✐♥❢ér✐❡✉r❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ❧✐❜ér❛t✐♦♥ ♣♦✉r ✉♥ s❡✉❧ ❞❡s ❞❡✉① ❛str❡s✱
❛❧♦rs ✐❧ s❡r❛ ❝♦♥s✐❞éré ❝♦♠♠❡ r❡sté ❛✉t♦✉r ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ♦✉ s❛t❡❧❧✐sé ❛✉t♦✉r ❞✉ s❡❝♦♥❞
♦❜❥❡t✱ r❡s♣❡❝t✐✈❡♠❡♥t✳
✕ ❙✐ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❡st ✐♥❢ér✐❡✉r❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ❧✐❜ér❛t✐♦♥ ♣♦✉r ❧❡s ❞❡✉① ❛str❡s✱ ❛❧♦rs ✐❧
❢❛✉t t❡♥✐r ❝♦♠♣t❡ ❞✉ ❧✐❡♥ ❣r❛✈✐t❛t✐♦♥♥❡❧ ❡♥tr❡ ❧❡s ❞❡✉① ♦❜❥❡ts ♠❛ss✐❢s ✿
✕ ❙✐ ❧❡s ❞❡✉① ♦❜❥❡ts ♠❛ss✐❢s s♦♥t ❣r❛✈✐t❛t✐♦♥♥❡❧❡♠❡♥t ❧✐és✱ ❛❧♦rs ❧❡ ♣❧❛♥étés✐♠❛❧ s❡r❛
❝♦♥s✐❞éré ❝♦♠♠❡ s❛t❡❧❧✐sé ❛✉t♦✉r ❞✉ ♠♦✐♥s ♠❛ss✐❢ ❞❡s ❞❡✉① s✬✐❧ ❡st s✐t✉é ❞❛♥s s❛ s♣❤èr❡
❞❡ ❍✐❧❧✱ ❞❡ r❛②♦♥ rHill = d
(
m
3M
)1/3 ♦ù d ❡st ❧❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ♦❜❥❡ts ♠❛ss✐❢s
❡t m/M < 1 ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡✉rs ♠❛ss❡s✳
✕ ❙✐ ❧❡s ❞❡✉① ♦❜❥❡ts ♠❛ss✐❢s ♥❡ s♦♥t ♣❛s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡♠❡♥t ❧✐és✱ ❛❧♦rs ❧❡ ♣❧❛♥étés✐♠❛❧
❡st ❝♦♥s✐❞éré ❝♦♠♠❡ s❛t❡❧❧✐sé ❛✉t♦✉r ❞❡ ❝❡❧✉✐ q✉✐ ❡①❡r❝❡ ❧❛ ♣❧✉s ❢♦rt❡ ❢♦r❝❡ ❞✬❛ttr❛❝t✐♦♥
❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ s✉r ❧✉✐✳
❈❡ t❡st ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r à ❝❤❛q✉❡ ✐♥st❛♥t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉①
❡❥❡❝tés ❞✉ s②stè♠❡✱ ❝❛♣t✉rés ♣❛r ❧❡ s❡❝♦♥❞ ♦❜❥❡t ♠❛ss✐❢ ♦✉ r❡stés ❛✉t♦✉r ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✳
✷✳✷ ❚❡sts ♥✉♠ér✐q✉❡s
❆✜♥ ❞❡ t❡st❡r ❧❡s tr♦✐s ✐♥té❣r❛t❡✉rs ♥✉♠ér✐q✉❡s✱ ♣❧✉s✐❡✉rs t❡sts ♦♥t été ❡✛❡❝t✉és✳ ▲❡ ♣❧✉s
s✐♠♣❧❡ ❡st ❞❡ t❡st❡r ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧✬é♥❡r❣✐❡ ♠é❝❛♥✐q✉❡ ❞❛♥s ❧❡ ❝❛s✱ ♣ré❞✐❝t✐❜❧❡✱ ❞✉ ♣r♦❜❧è♠❡
à ❞❡✉① ❝♦r♣s ✭✉♥ s❡✉❧ ♣❧❛♥étés✐♠❛❧✱ ❧❛ ♠❛ss❡ ❞✉ s❡❝♦♥❞ ♦❜❥❡t ♠❛ss✐❢ ét❛♥t ✜①é❡ à ③ér♦✮✳ ❉❛♥s
❝❡ ❝❛s✱ ❧✬é♥❡r❣✐❡ ♠é❝❛♥✐q✉❡ ❞✉ s②stè♠❡ s✬é❝r✐t E = −G(M + m)/2a ♦ù M ❡st ❧❛ ♠❛ss❡ ❞❡
❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ m ❝❡❧❧❡ ❞✉ ♣❧❛♥étés✐♠❛❧ ✭♥é❣❧✐❣❡❛❜❧❡ ♣❛r r❛♣♣♦rt à M ✱ ♥✉❧❧❡ ❞❛♥s ❧❡ ❝♦❞❡✮ ❡t
a ❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞✉ ♣❧❛♥étés✐♠❛❧✳ ▲✬❡rr❡✉r ♥✉♠ér✐q✉❡ r❡❧❛t✐✈❡ s✉r ❧✬é♥❡r❣✐❡ δE/E ❡st ❞♦♥❝
é❣❛❧❡ à ❧✬❡rr❡✉r r❡❧❛t✐✈❡ s✉r ❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ δa/a✳ ▲❛ ✜❣✉r❡ ✷✳✶ ♠♦♥tr❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡
❧✬é♥❡r❣✐❡ ♠é❝❛♥✐q✉❡ ❧♦rs ❞❡ ❞✐✈❡rs t❡sts✱ ♣♦✉r ❝❤❛❝✉♥ ❞❡s tr♦✐s ✐♥té❣r❛t❡✉rs✱ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥
♣❧❛♥étés✐♠❛❧ ❡♥ ♦r❜✐t❡ ❝✐r❝✉❧❛✐r❡✱ à ✹✵ ❯❆ ❛✉t♦✉r ❞✬✉♥ ét♦✐❧❡ ❞❡ ♠❛ss❡ s♦❧❛✐r❡✱ ♣♦✉r ✉♥ ♠✐❧❧✐♦♥
❞✬✐tér❛t✐♦♥s ❡t ❞✐✛ér❡♥ts ♣❛s ❞❡ t❡♠♣s dt ❛❧❧❛♥t ❞❡ ✵✱✵✶✺ à ✶✱✶ ❛♥♥é❡s ✭❧❛ ♣ér✐♦❞❡ ❞❡ ré✈♦❧✉t✐♦♥
❞✉ ♣❧❛♥étés✐♠❛❧ ét❛♥t ❞❡ ✷✺✸ ❛♥♥é❡s✮✳
❖♥ ♦❜s❡r✈❡ s✉r ❧❛ ✜❣✉r❡ ✷✳✶ q✉❡ ❧❛ ♠ét❤♦❞❡ ❞✬❊✉❧❡r ❡st ❝❡❧❧❡ q✉✐ ❝♦♥s❡r✈❡ ❧❛ ♠♦✐♥s ❜✐❡♥
❧✬é♥❡r❣✐❡✱ q✉❡❧ q✉❡ s♦✐t ❧❡ ♣❛s ❞❡ t❡♠♣s✳ ▲❛ ♠ét❤♦❞❡ ❞❡ ❘✉♥❣❡✲❑✉tt❛ ✹ ❞♦♥♥❡ ❧❡s ♠❡✐❧❧❡✉rs
rés✉❧t❛ts ♣♦✉r dt < ✵✱✷ ❛♥ ✿ ❛✉✲❞❡❧à✱ ❧❛ ♠ét❤♦❞❡ ❧❡❛♣❢r♦❣ ❡st ♣❧✉s ♣❡r❢♦r♠❛♥t❡✳ ❯♥ ❛❥✉st❡♠❡♥t
❡♠♣✐r✐q✉❡ à ♣❛rt✐r ❞❡ ❝❡s rés✉❧t❛ts ♠♦♥tr❡ q✉❡ ✿
✕ ♣♦✉r ❧❛ ♠ét❤♦❞❡ ❞✬❊✉❧❡r✱ ❧❛ ❞ér✐✈❡ ❞❡ ❧✬é♥❡r❣✐❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à dt2 ❀
✕ ♣♦✉r ❧❛ ♠ét❤♦❞❡ ❞❡ ❘✉♥❣❡✲❑✉tt❛ ✹✱ ❧❛ ❞ér✐✈❡ ❞❡ ❧✬é♥❡r❣✐❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à dt6 ❧♦rsq✉❡
dt > ✵✱✶ ❛♥ ❀ ❡♥ ❞❡çà✱ ♦♥ ❡st ❧✐♠✐té ♣❛r ❧❛ ♣ré❝✐s✐♦♥ ♠❛❝❤✐♥❡ ❞❡ ❧✬♦r❞✐♥❛t❡✉r ❀
✸✼
❋✐❣✉r❡ ✷✳✶ ✕ ❉ér✐✈❡ ♥✉♠ér✐q✉❡ ❞❡ ❧✬é♥❡r❣✐❡ ♠é❝❛♥✐q✉❡ ✭♦✉ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡✮ ❧♦rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
❞✉ ♣r♦❜❧è♠❡ à ❞❡✉① ❝♦r♣s ✭a = 40 ❯❆✱ e = 0✱M∗ = 1M⊙✮✱ ♣♦✉r ✉♥ ♠✐❧❧✐♦♥ ❞✬✐tér❛t✐♦♥s ❡t ❞✐✛ér❡♥ts ♣❛s
❞❡ t❡♠♣s✱ ♣♦✉r ❝❤❛❝✉♥ ❞❡s tr♦✐s ✐♥té❣r❛t❡✉rs ♥✉♠ér✐q✉❡s t❡stés ✭♠ét❤♦❞❡ ❞✬❊✉❧❡r ❡♥ ❜❧❡✉✱ ❘✉♥❣❡✲❑✉tt❛
✹ ❡♥ r♦✉❣❡✱ ❧❡❛♣❢r♦❣ ❡♥ ❥❛✉♥❡✮✳
✕ ♣♦✉r ❧❛ ♠ét❤♦❞❡ ❧❡❛♣❢r♦❣✱ ❧♦rsq✉❡ dt < ✵✱✷✺ ❛♥✱ ❧❛ ❞ér✐✈❡ ❞❡ ❧✬é♥❡r❣✐❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡
à dt−2 ❀ ❧♦rsq✉❡ dt > ✵✱✷✺ ❛♥✱ ❧❛ ❞ér✐✈❡ ❞❡ ❧✬é♥❡r❣✐❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à dt4✳
❈❡s t❡sts ♥♦✉s ♦♥t ♣❡r♠✐s ❞✬é❝❛rt❡r ❧❛ ♠ét❤♦❞❡ ❞✬❊✉❧❡r✳ ◆é❛♥♠♦✐♥s✱ ❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ♥✬❡st
♣❛s ❧❛ s❡✉❧❡ q✉❛♥t✐té ❝♦♥s❡r✈é❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣r♦❜❧è♠❡ à ❞❡✉① ❝♦r♣s✳ ❊♥s✉✐t❡✱ ❧❡ ❞❡♠✐✲❣r❛♥❞
❛①❡ ❝❤♦✐s✐ ✐❝✐ ❡st ♣❧✉tôt ❣r❛♥❞ ✭✹✵ ❯❆✮ ❀ ❝❡s t❡sts s♦♥t ✉t✐❧❡s ❡♥ ❝❛s ❞❡ ❞✐sq✉❡s r❡❧❛t✐✈❡♠❡♥t
é❧♦✐❣♥és ❞❡ ❧❡✉r ét♦✐❧❡✱ ❝♦♠♠❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r✳ ▼❛✐s ❞❛♥s ❝❡rt❛✐♥s ❝❛s✱ ♥♦✉s s❡r♦♥s ❛♠❡♥és
à ét✉❞✐❡r ❞❡s ❞✐sq✉❡s ♣❧✉s ♣r♦❝❤❡s ❞❡ ❧❡✉r ét♦✐❧❡✳
❯♥❡ ❞❡✉①✐è♠❡ ❜❛tt❡r✐❡ ❞❡ t❡sts ❛ ❞♦♥❝ été ré❛❧✐sé❡✱ ♣♦✉r t❡st❡r ❧❡s ✐♥té❣r❛t❡✉rs ❧❡❛♣❢r♦❣
❡t ❘✉♥❣❡✲❑✉tt❛ ✹✱ ❡♥ t❡st❛♥t ❧❛ st❛❜✐❧✐té ❞❡ ❝✐♥q é❧é♠❡♥ts ♦r❜✐t❛✉① ✭❞❡♠✐✲❣r❛♥❞ ❛①❡ a✱ ❡①✲
❝❡♥tr✐❝✐té e✱ ✐♥❝❧✐♥❛✐s♦♥ i✱ ❧♦♥❣✐t✉❞❡ ❞✉ ♥÷✉❞ ❛❝❡♥❞❛♥t Ω ❡t ❛r❣✉♠❡♥t ❞✉ ♣ér✐❛str❡ ω✮ ❝❡♥sés
r❡st❡r ❝♦♥st❛♥ts ❧♦rs ❞✉ ♣r♦❜❧è♠❡ à ❞❡✉① ❝♦r♣s✳ ▲❛ st❛❜✐❧✐té ❞❡ ❝❡s ❝✐♥q é❧é♠❡♥ts ❛ été t❡sté❡
❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣❛s ❞❡ t❡♠♣s dt ✭t❛❜❧❡❛✉ ✷✳✶✮ ❡t ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ a ✭t❛❜❧❡❛✉ ✷✳✷✮✳ ▲❛ ♠❛ss❡
❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❡st ❞✬✉♥❡ ♠❛ss❡ s♦❧❛✐r❡ ❞❛♥s ❧❡s ❞❡✉① ❝❛s✳
▲❡s ❞♦♥♥é❡s ❞✉ t❛❜❧❡❛✉ ✷✳✶ ♠♦♥tr❡♥t q✉❡ ❧❡s ❛♥❣❧❡s i ❡t Ω s♦♥t très st❛❜❧❡s✱ ❛❧♦rs q✉❡ ω ❡st
très ❛✛❡❝té ♣❛r ❧✬✐♥té❣r❛t✐♦♥ ♥✉♠ér✐q✉❡✳ ▲❛ ♠ét❤♦❞❡ ❧❡❛♣❢r♦❣ ❡♥tr❛î♥❡ ✉♥❡ ♦s❝✐❧❧❛t✐♦♥ ❞✬♦r✐❣✐♥❡
t♦t❛❧❡♠❡♥t ♥✉♠ér✐q✉❡ ❞❡ ω s✉r t♦✉t ❧✬✐♥t❡r✈❛❧❧❡ [0 ; 2π]✳ ▲❛ ❞ér✐✈❡ ♥✉♠ér✐q✉❡ ❞❡ a ❡t ❞❡ e ❡st
♠♦✐♥❞r❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬✐♥té❣r❛t❡✉r ❘✉♥❣❡✲❑✉tt❛ ✹✳ P♦✉r ❝❡s r❛✐s♦♥s✱ ♥♦✉s ✉t✐❧✐s❡r♦♥s ❧✬✐♥té✲
❣r❛t❡✉r ❘✉♥❣❡✲❑✉tt❛ ✹ ❞❛♥s ❧❛ s✉✐t❡✳
◆♦✉s ❛✈♦♥s ét❛❜❧✐ ❞❡ ♠❛♥✐èr❡ ❡♠♣✐r✐q✉❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞ér✐✈❡ ♥✉♠ér✐q✉❡ ❞❡s é❧é♠❡♥ts
✸✽
■♥té❣r❛t❡✉r dt ✭❛♥✮ δaa
δe
e δi δΩ δω
▲❡❛♣❢r♦❣
1× 10−3 3,8× 10−7 4,57× 10−6 5,7× 10−13 1,6× 10−11 2π
2× 10−3 1,52× 10−6 1,83× 10−5 2,63× 10−13 3,6× 10−11 2π
4× 10−3 6,1× 10−6 7,32× 10−5 1,7× 10−13 8,6× 10−12 2π
❘✉♥❣❡✲❑✉tt❛ ✹
1× 10−3 1,33× 10−9 4,46× 10−9 1,3× 10−12 3,8× 10−11 1,23× 10−6
2× 10−3 4,2× 10−8 1,41× 10−7 2,5× 10−13 3,0× 10−12 2,0× 10−5
4× 10−3 1,34× 10−6 4,53× 10−6 1,5× 10−13 3,7× 10−12 3,16× 10−4
❚❆❇▲❊❆❯ ✷✳✶ ✕ ❉ér✐✈❡ ♥✉♠ér✐q✉❡ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❛♥s ❧❡ ❝❛s ❞✉ ♣r♦❜❧è♠❡ à ❞❡✉① ❝♦r♣s✱ ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧✬✐♥té❣r❛t❡✉r ❡t ❞✉ ♣❛s ❞❡ t❡♠♣s dt ✭❡♥ ❛♥♥é❡s✮✱ ❞❛♥s ❧❡ ❝❛s ♦ù a = 3 ❯❆✱ e = ✵✱✷✱ i = 3✝✳
▲❛ ❞✉ré❡ t♦t❛❧❡ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ ❡st ❞❡ ✺ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ▲❡s ❛♥❣❧❡s s♦♥t ❡♥ r❛❞✐❛♥s✳
♦r❜✐t❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞❡ dt✱ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞✉ t❛❜❧❡❛✉ ✷✳✶ ✿ ♦♥ tr♦✉✈❡ q✉❡ δa/a ∝ dt5✱
δe/e ∝ dt5 ❡t δω ∝ dt4✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬✐♥té❣r❛t❡✉r ❘✉♥❣❡✲❑✉tt❛ ✹✳ ❈❡s ❞ér✐✈❡s ♥✉♠ér✐q✉❡s
s♦♥t ❡♥ ♦✉tr❡ ♣r♦♣♦rt✐♦♥♥❡❧❧❡s ❛✉ ♥♦♠❜r❡ ❞✬✐tér❛t✐♦♥s ❞❛♥s ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳ ▲✬❡rr❡✉r s✉r ❧❡s
❛♥❣❧❡s i ❡t Ω ♣r♦✈✐❡♥t ❞❡ ❧❛ ♣ré❝✐s✐♦♥ ♠❛❝❤✐♥❡✳ ❈❡s rés✉❧t❛ts ♥♦✉s ♣❡r♠❡tt❡♥t ❞✬❛❥✉st❡r ❧❡ ♣❛s
❞❡ t❡♠♣s dt ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳
a δaa
δe
e δi δΩ δω
3 1,34× 10−5 4,53× 10−5 3,4× 10−12 4,7× 10−11 3,16× 10−3
6 2,63× 10−8 8,85× 10−8 2,1× 10−12 1,5× 10−10 1,74× 10−5
12 3,91× 10−11 2,55× 10−10 9,5× 10−13 4,6× 10−11 1,7× 10−7
24 1,15× 10−11 6,39× 10−11 6,4× 10−13 8,7× 10−12 3,7× 10−7
❚❆❇▲❊❆❯ ✷✳✷ ✕ ❉ér✐✈❡ ♥✉♠ér✐q✉❡ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❛♥s ❧❡ ❝❛s ❞✉ ♣r♦❜❧è♠❡ à ❞❡✉① ❝♦r♣s✱ ❡♥
❢♦♥❝t✐♦♥ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ a✱ ❞❛♥s ❧❡ ❝❛s ♦ù e = ✵✱✷✱ i = 3✝✳ ▲❛ ❞✉ré❡ t♦t❛❧❡ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥
❡st ❞❡ ✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱ ❧❡ ♣❛s ❞❡ t❡♠♣s dt = 4 × 10−3 ❛♥♥é❡✱ ❧✬✐♥té❣r❛t❡✉r ♥✉♠ér✐q✉❡ ✉t✐❧✐sé ❡st
❘✉♥❣❡✲❑✉tt❛ ✹✳ ▲❡s ❛♥❣❧❡s s♦♥t ❡♥ r❛❞✐❛♥s✳
▲❡ t❛❜❧❡❛✉ ✷✳✷ ♠♦♥tr❡ ✉♥❡ ❢♦rt❡ ❞é♣❡♥❞❛♥❝❡ ❞❡ ❧❛ ❞ér✐✈❡ ♥✉♠ér✐q✉❡ ♣❛r r❛♣♣♦rt ❛✉ ❞❡♠✐✲
❣r❛♥❞ ❛①❡ ❞✉ ♣❧❛♥étés✐♠❛❧✳ ❯♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ s✐❣♥✐✜❡ ❡♥ ❡✛❡t ✉♥❡ ♣ér✐♦❞❡
❞❡ ré✈♦❧✉t✐♦♥ ♣❧✉s ♣❡t✐t❡✱ ❞♦♥❝ ♠♦✐♥s ❞❡ ♣❛s ❞❡ t❡♠♣s ♣❛r ♦r❜✐t❡ ❞✉ ♣❧❛♥étés✐♠❛❧✳ ▲❡ ♣❛s ❞❡
t❡♠♣s ❞♦✐t ❞♦♥❝ êtr❡ ❛❞❛♣té ❛✉① ♣ér✐♦❞❡s ❞❡ ré✈♦❧✉t✐♦♥ ❞❡s ❛str❡s s✐♠✉❧és✳
➚ ❝❡tt❡ ✜♥✱ à ❝❤❛q✉❡ ✐tér❛t✐♦♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❛ ♣ér✐♦❞❡ ❞❡ ré✈♦❧✉t✐♦♥ ❞❡ ❝❤❛q✉❡ ♣❧❛♥é✲
tés✐♠❛❧ s❛t❡❧❧✐sé ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ♦✉ ❞✬✉♥❡ ♣❧❛♥èt❡ ❡st ❝❛❧❝✉❧é❡✱ ❡t s✐ ❡❧❧❡ ❡st ✐♥❢ér✐❡✉r❡ à ✷✵✵
❢♦✐s ❧❛ ❞✉ré❡ ❞✉ ♣❛s ❞❡ t❡♠♣s ✐♥✐t✐❛❧✱ ❛❧♦rs ❧✬✐♥té❣r❛t❡✉r ❡st ❛♣♣❡❧é ♣❧✉s✐❡✉rs ❢♦✐s ♣❛r ♣❛s ❞❡
t❡♠♣s✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ❧❛ ❞✉ré❡ ❡♥tr❡ ❝❤❛q✉❡ ❛♣♣❡❧ à ❧✬✐♥té❣r❛t❡✉r s♦✐t ✐♥❢ér✐❡✉r❡ à ✵✱✺ ✪ ❞❡
❧❛ ♣ér✐♦❞❡ ❞❡ ré✈♦❧✉t✐♦♥✳
✸✾

❈❤❛♣✐tr❡ ✸
■♥t❡r❛❝t✐♦♥s ❞✐sq✉❡✲ét♦✐❧❡ ✿ ♣❛ss❛❣❡
st❡❧❧❛✐r❡
✸✳✶ ❊✛❡ts ❞✐r❡❝ts ❞❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s s✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
✸✳✶✳✶ ❉❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ t②♣❡ ❞✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡
◆♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❡st✐♠❡r s✐ ❡t ❝♦♠♠❡♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ♣♦✉✈❛✐t
êtr❡ ✈✐❞é ♦✉ ♣❡rt✉r❜é ♣❛r ❧❡ ♣❛ss❛❣❡ ♣r♦❝❤❡ ❞✬✉♥❡ ❛✉tr❡ ét♦✐❧❡✳
❉❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t s♦❧❛✐r❡✱ ❧❡s r❡♥❝♦♥tr❡s ❧❡s ♣❧✉s ♣r♦❝❤❡s ❡♥tr❡ ét♦✐❧❡s s❡ ❢♦♥t à ❞❡s
❞✐st❛♥❝❡s ❞❡ ❧✬♦r❞r❡ ❞✉ ❞❡♠✐✲♣❛rs❡❝✱ ❡t à ❞❡s ✈✐t❡ss❡s r❡❧❛t✐✈❡s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ❦♠✳s−1
✭●❛r❝í❛✲❙á♥❝❤❡③ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❈❡s ❞✐st❛♥❝❡s s♦♥t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ♣❧✉s ✐♠♣♦rt❛♥t❡s q✉❡ ❧❡s
t❛✐❧❧❡s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳ ◆♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ ♠♦♥tré q✉❡✱ ❞❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ❧❡s ❞✐sq✉❡s
❞❡ ❞é❜r✐s s♦♥t ♣❡rt✉r❜és ❞❡ ❢❛ç♦♥ ♥é❣❧✐❣❡❛❜❧❡✳
◆♦✉s ❛✈♦♥s ❡✛❡❝t✉é q✉❡❧q✉❡s s✐♠✉❧❛t✐♦♥s✱ ❛✜♥ ❞✬❡st✐♠❡r ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❞✐sq✉❡
❞❡ ❞é❜r✐s ❧♦rs ❞✬✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡ ♣r♦❝❤❡✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ✉♥ ❞✐sq✉❡ ❛ss❡③ ét❡♥❞✉✱ ❞✬✉♥
r❛②♦♥ ❡①tér✐❡✉r ❞❡ ✷✵✵ ❯❆✳ ❙♦♥ r❛②♦♥ ✐♥tér✐❡✉r ❡st ❞❡ ✸✵ ❯❆✱ ❡t ❧❡s ♣❧❛♥étés✐♠❛✉① q✉✐ ❧❡ ❝♦♠✲
♣♦s❡♥t s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ♣❧❛❝és s✉r ❞❡s ♦r❜✐t❡s ❝✐r❝✉❧❛✐r❡s ❡t ❛✈❡❝ ✉♥❡ ✐♥❝❧✐♥❛✐s♦♥ ♣❛r r❛♣♣♦rt
❛✉ ♣❧❛♥ ♠é❞✐❛♥ ❝♦♠♣r✐s❡ ❡♥tr❡ 0✝❡t 1✝✳ ▲❛ ✈✐t❡ss❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ♣❛r r❛♣♣♦rt à ❧✬ét♦✐❧❡
❝❡♥tr❛❧❡ ❡st ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ❝♦♥st❛♥t❡✱ ❡♥ ❞✐r❡❝t✐♦♥ ❡t ❡♥ ✈❛❧❡✉r✱ ♣❡♥❞❛♥t ❧❛ ❞✉ré❡ ♣❤②s✐q✉❡
r❡❧❛t✐✈❡♠❡♥t ❝♦✉rt❡ ✭q✉❡❧q✉❡s ♠✐❧❧✐❡rs ❞✬❛♥♥é❡s✮ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❡s ♣❛r❛♠ètr❡s q✉❡ ♥♦✉s
❛✈♦♥s ❢❛✐t ✈❛r✐❡r s♦♥t ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞❡ r❡♥❝♦♥tr❡ ❡♥tr❡ ❧❡s ❞❡✉① ét♦✐❧❡s✱ ❧❡✉r ✈✐t❡ss❡ r❡✲
❧❛t✐✈❡✱ ❧❡✉rs ♠❛ss❡s ❡t ❧✬✓ ✐♥❝❧✐♥❛✐s♦♥ ✔ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ❞✉ ❞✐sq✉❡✳
◆♦✉s ❛✈♦♥s r❡❧❡✈é ❧✬❡①❝❡♥tr✐❝✐té ♦r❜✐t❛❧❡ ♠❛①✐♠❛❧❡ ❛tt❡✐♥t❡ ♣❛r ❧❡s ♣❧❛♥étés✐♠❛✉①✱ ❞✉ ❢❛✐t
❞❡s ♣❡rt✉r❜❛t✐♦♥s ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✱ ♣♦✉r ❞❡✉① ❞✐st❛♥❝❡s à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ ✶✵✵ ❡t ✷✵✵ ❯❆✳
▲❡s rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s s♦♥t ❞♦♥♥és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✸✳✶✳
▲❛ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ♠♦♥tr❡ q✉❡ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞❡ r❡♥✲
❝♦♥tr❡ dmin ❡st ❧❡ ♣❛r❛♠ètr❡ q✉✐ ❛ ❧❡ ♣❧✉s ❞✬✐♥✢✉❡♥❝❡ s✉r ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡✱
❡t q✉❡ ❝❡tt❡ ❡①❝✐t❛t✐♦♥ ❡st ♣❧✉s ❡✣❝❛❝❡ s✐ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡st s✐t✉é ❞❛♥s ❧❡
♣❧❛♥ ❞✉ ❞✐sq✉❡ ❡t q✉❡ s♦♥ ♠♦✉✈❡♠❡♥t ❡st ♣r♦❣r❛❞❡ ♣❛r r❛♣♣♦rt ❛✉ ❞✐sq✉❡✳ ◆é❛♥♠♦✐♥s✱ ❛✉❝✉♥❡
❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s ♥❡ ♠♦♥tr❡ ❞✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ s✐❣♥✐✜❝❛t✐✈❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ❊♥
❡✛❡t✱ ❧✬❡①❝❡♥tr✐❝✐té ♦r❜✐t❛❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① r❡st❡ très ❢❛✐❜❧❡✱ ❡t ❞❛♥s ❧❡ ❝❛s ❧❡ ♣❧✉s ❢❛✈♦r❛❜❧❡
✭dmin = ✵✱✵✵✺ ♣❝✱ s♦✐t ✶✵✵✵ ❯❆✮✱ ❡❧❧❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 10−3✱ ✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r q✉✐ ❝♦rr❡s✲
✹✶
dmin vrel mc mp i emax ✭✶✵✵ ❯❆✮ emax ✭✷✵✵ ❯❆✮✭♣❝✮ ✭❦♠✳s−1✮ ✭▼⊙✮ ✭▼⊙✮ ✭✝✮
✵✱✷ ✹✵ ✶ ✶ ✵ < 10−7 4,5× 10−7
✵✱✷ ✷✵ ✶ ✶ ✵ < 10−7 4× 10−7
✵✱✶ ✹✵ ✶ ✶ ✵ 4× 10−7 5× 10−6
✵✱✵✷ ✹✵ ✶ ✶ ✵ 1× 10−4 6× 10−4
✵✱✵✷ ✷✵ ✶ ✶ ✵ 4× 10−5 9× 10−4
✵✱✵✵✺ ✹✵ ✶ ✶ ✵ 4× 10−3 9× 10−3
✵✱✷ ✹✵ ✶ ✷✱✺ ✵ 1,5× 10−7 1,1× 10−6
✵✱✵✷ ✹✵ ✶ ✷✱✺ ✵ 3× 10−4 1,6× 10−3
✵✱✷ ✹✵ ✵✱✷✺ ✷✱✺ ✵ 5× 10−7 6× 10−6
✵✱✷ ✹✵ ✵✱✷✺ ✷✱✺ ✸✵ < 10−7 4,3× 10−7
✵✱✷ ✹✵ ✵✱✷✺ ✷✱✺ ✻✵ < 10−7 1,4× 10−7
✵✱✷ ✹✵ ✵✱✷✺ ✷✱✺ ✾✵ < 10−7 1,1× 10−7
✵✱✷ ✹✵ ✵✱✷✺ ✷✱✺ ✶✷✵ < 10−7 1,3× 10−7
✵✱✷ ✹✵ ✵✱✷✺ ✷✱✺ ✶✺✵ < 10−7 3,3× 10−7
✵✱✷ ✹✵ ✵✱✷✺ ✷✱✺ ✶✽✵ 4× 10−7 3× 10−6
❚❆❇▲❊❆❯ ✸✳✶ ✕ ❱❛❧❡✉r ♠❛①✐♠❛❧❡ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❛tt❡✐♥t❡ ♣❛r ❧❡s ♣❧❛♥étés✐♠❛✉① ♣❡♥❞❛♥t ❧❡ ♣❛ss❛❣❡
st❡❧❧❛✐r❡✱ ♣♦✉r ❧❡s ♣❧❛♥étés✐♠❛✉① s✐t✉és à ✶✵✵ ❡t à ✷✵✵ ❯❆ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡
♠✐♥✐♠❛❧❡ ❞❡ r❡♥❝♦♥tr❡ dmin✱ ❞❡ ❧❛ ✈✐t❡ss❡ r❛❧t✐✈❡ ❞❡s ❞❡✉① ét♦✐❧❡s vrel✱ ❞❡s ♠❛ss❡s ❞❡s ét♦✐❧❡s ❝❡♥tr❛❧❡
❡t ♣❛ss❛♥t❡ mc ❡t mp✱ ❡t ❞❡ ❧✬❛♥❣❧❡ i ❡♥tr❡ ❧❡ ♣❧❛♥ ❞✉ ❞✐sq✉❡ ❡t ❧❛ ❞r♦✐t❡ r❡❧✐❛♥t ❧❡s ❞❡✉① ét♦✐❧❡s ❛✉
♠♦♠❡♥t ❞❡ ❧❛ r❡♥❝♦♥tr❡ ♣r♦❝❤❡ ✭i > 90✝s✐❣♥✐✜❡ ✉♥ ♠♦✉✈❡♠❡♥t rétr♦❣r❛❞❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ✈✉❡ ❞❡♣✉✐s
❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✮✳ ▲✬✐♥❝❧✐♥❛✐s♦♥ ❞❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ♥❡ s✉❜✐t ❞❛♥s ❛✉❝✉♥ ❝❛s ❞❡ ♠♦❞✐✜❝❛t✐♦♥s
s❡♥s✐❜❧❡s✳
♣♦♥❞ à ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❛♥s ✉♥ ❞✐sq✉❡ ❛✉t♦✲❣r❛✈✐t❛♥t ✭✈♦✐r ■❞❛ ❛♥❞ ▼❛❦✐♥♦✱
✶✾✾✷✮✳ ❊♥ ♦✉tr❡✱ ❧❡s ❞✐st❛♥❝❡s ♠✐♥✐♠❛❧❡s ❞❡ r❡♥❝♦♥tr❡ ✉t✐❧✐sé❡s ✐❝✐ s♦♥t très ❡♥✲❞❡çà ❞❡s ✈❛❧❡✉rs
❛tt❡♥❞✉❡s ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t st❡❧❧❛✐r❡ ❞✉ t②♣❡ ❞✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡ ✭●❛r❝í❛✲❙á♥❝❤❡③ ❡t ❛❧✳✱
✷✵✵✶✮✳ ❉❛♥s ✉♥ t❡❧ ❡♥✈✐r♦♥♥❡♠❡♥t✱ ❧❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ♥❡ ♣❡r♠❡tt❡♥t ❞♦♥❝ ♣❛s ❞❡ ✈✐❞❡r ♥✐
❞✬❡①❝✐t❡r ❞②♥❛♠✐q✉❡♠❡♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳
✸✳✶✳✷ ❉❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✬✉♥ ❛♠❛s ♦✉✈❡rt
◆é❛♥♠♦✐♥s✱ ❛✉ ❞é❜✉t ❞❡ ❧❡✉r ✈✐❡✱ ❧❡s ét♦✐❧❡s s❡ tr♦✉✈❡♥t ❞❛♥s ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts st❡❧❧❛✐r❡s
♣❧✉s ❞❡♥s❡s✱ ❛ss♦❝✐és à ❧✬❛♠❛s ❞❛♥s ❧❡q✉❡❧ ❡❧❧❡s s♦♥t ♥é❡s✳ P❡♥❞❛♥t ❡♥✈✐r♦♥ ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱
❧❡s ❞❡♥s✐tés st❡❧❧❛✐r❡s ♦❜s❡r✈é❡s ❞❛♥s ❞❡s ❛♠❛s ♦✉✈❡rts✱ ♣♦✉✈❛♥t ❛tt❡✐♥❞r❡ ♣❧✉s ❞❡ ✶✵✵✵ ❢♦✐s ❧❛
❞❡♥s✐té ❞✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡✱ ♣❡r♠❡tt❡♥t ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s à ❞❡s ❞✐st❛♥❝❡s s✉✣s❛♠♠❡♥t
❢❛✐❜❧❡s ♣♦✉r ♣❡rt✉r❜❡r s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❡s ❞✐sq✉❡s ❡♥t♦✉r❛♥t ❝❡s ét♦✐❧❡s✳ ❉❡ t❡❧❧❡s r❡♥❝♦♥tr❡s
♦♥t été é✈♦q✉é❡s ♣♦✉r ❡①♣❧✐q✉❡r ❧✬♦r❜✐t❡ ❞✬♦❜❥❡ts tr❛♥s♥❡♣t✉♥✐❡♥s t❡❧ q✉❡ ❙❡❞♥❛ ✭❑❡♥②♦♥ ❛♥❞
❇r♦♠❧❡②✱ ✷✵✵✹❜✮✱ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s s②stè♠❡s ❞✬❡①♦♣❧❛♥èt❡s ✭▼❛❧♠❜❡r❣ ❡t ❛❧✳✱ ✷✵✵✼ ❀ ❙♣✉r③❡♠
❡t ❛❧✳✱ ✷✵✵✾✮ ♦✉ ❧❛ str✉❝t✉r❛t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✭▲❛r✇♦♦❞✱ ✶✾✾✼ ❀ ❑❛❧❛s ❡t ❛❧✳✱ ✷✵✵✵ ❀
❑♦❜❛②❛s❤✐ ❛♥❞ ■❞❛✱ ✷✵✵✶✮✳
◆♦✉s ❛✈♦♥s ❞♦♥❝ ❡✛❡❝t✉é ♣❧✉s✐❡✉rs sér✐❡s ❞❡ s✐♠✉❧❛t✐♦♥s ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ❝❛♣❛❝✐té ❞❡
❝❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s à ✈✐❞❡r✱ t♦t❛❧❡♠❡♥t ♦✉ ♣❛rt✐❡❧❧❡♠❡♥t✱ ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ P✉✐s
♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s rés✉❧t❛ts ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s ❛✜♥ ❞✬❡st✐♠❡r ❧❡ t❛✉① ❞❡ ♣✉r❣❡ ❞❡s ❞✐sq✉❡s
à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♣r❡♠✐❡rs ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ ✈✐❡ ❞✬✉♥❡ ét♦✐❧❡✱ ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞✬✉♥ ❛♠❛s
♦✉✈❡rt ❡♥ ❡①♣❛♥s✐♦♥✳ ❈❡ tr❛✈❛✐❧ ❛✈❛✐t été ❝♦♠♠❡♥❝é ♣❛r ❞❡✉① st❛❣❡s ✭❆♥t♦✐♥❡ ▲❛ss✉s ❡t ◆❛r♦♥
✹✷
P❤♦✉✱ ❡✛❡❝t✉és s♦✉s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❏❡❛♥✲❋r❛♥ç♦✐s ▲❡str❛❞❡✮ ❡t ❛ ❞♦♥♥é ❧✐❡✉ à ❧❛ ♣✉❜❧✐❝❛t✐♦♥ ❞❡
❧✬❛rt✐❝❧❡ ❞❡ ❧✬❛♥♥❡①❡ ❆ ✭▲❡str❛❞❡ ❡t ❛❧✳✱ ✷✵✶✶✮✳
✸✳✶✳✷✳✶ ❙✐♠✉❧❛t✐♦♥s ❞❡ r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s très ♣r♦❝❤❡s
❉❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✱ ❧❡ ❞✐sq✉❡ ❡st ✐♥✐t✐❛❧❡♠❡♥t s✐t✉é ❛✉t♦✉r ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❞❡ ♠❛ss❡
mc ❡t ❡st ♣❡rt✉r❜é ♣❛r ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❞❡ ♠❛ss❡ mp✳ ▲❡ ❞✐sq✉❡ ❝♦♠♣t❡ ✹✵✵✵✵ ♣❧❛♥étés✐♠❛✉①
❡t s❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡ ❞é❝r♦ît ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ r à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❝♦♠♠❡ r−1✳ ❆✉ ❞é❜✉t ❞❡
❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❡s ♦r❜✐t❡s ❞❡ t♦✉s ❧❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ❝✐r❝✉❧❛✐r❡s ❡t ❝♦♣❧❛♥❛✐r❡s ❀ ❡♥ ❡✛❡t✱ ❞❡s
s✐♠✉❧❛t✐♦♥s t❡sts ♥✬♦♥t ♣❛s ♠♦♥tré ❞❡ ❞✐✛ér❡♥❝❡s ♥♦t❛❜❧❡s ❡♥tr❡ ❧❡s t❛✉① ❞❡ ♣✉r❣❡ ❞❛♥s ❧❡ ❝❛s
❞✬✉♥ ❞✐sq✉❡ ❡♥ ❞❡✉① ❞✐♠❡♥s✐♦♥s ✭✐♥❝❧✐♥❛✐s♦♥s ♥✉❧❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉①✮ ❡t ✉♥ ❞✐sq✉❡ ♣❡✉ é♣❛✐s
✭❞✬❛♥❣❧❡ ❞✬♦✉✈❡rt✉r❡ 2✝✮✳
▲❡s ❞♦♥♥é❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s ❞✐s♣♦♥✐❜❧❡s ♠♦♥tr❡♥t q✉❡ ❧✬❡①t❡♥s✐♦♥ r❛❞✐❛❧❡ ❞❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s ❡st très ✈❛r✐❛❜❧❡✳ ❆✉❝✉♥❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❛ t❛✐❧❧❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡t ❧❛ ♠❛ss❡ ❞❡s
ét♦✐❧❡s ❤ôt❡s ♥✬❛ ♣♦✉r ❧✬✐♥st❛♥t été ét❛❜❧✐❡✳ ❉✬❛♣rès ❆♥❞r❡✇s ❡t ❛❧✳ ✭✷✵✶✶✮✱ ❧❡s r❛②♦♥s ✐♥t❡r♥❡s
❞❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s ❞❡ tr❛♥s✐t✐♦♥ ✈♦♥t ❞❡ ✶✺ à ✼✸ ❯❆ ❡t ❧❡✉r r❛②♦♥s ❡①t❡r♥❡s ❞❡ ✸✵
à ✶✸✺ ❯❆✳ ▲❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♣❧✉s â❣és✱ ♣❛r ❛❥✉st❡♠❡♥t ❞❡
❧✬❡①❝ès ♣❤♦t♦♠étr✐q✉❡ ♦❜s❡r✈é ♦✉ ♣❛r ✐♠❛❣❡r✐❡ ❞✐r❡❝t❡✱ ❞♦♥♥❡ ❞❡s r❛②♦♥s ♠♦②❡♥s ❛❧❧❛♥t ❞❡ ∼ ✶✵
❯❆ à ∼ ✸✵✵ ❯❆ ✭❉❡♥t ❡t ❛❧✳✱ ✷✵✵✵ ❀ ●r❡❛✈❡s ❡t ❛❧✳✱ ✷✵✵✺ ❀ ▲✐s❡❛✉ ❡t ❛❧✳✱ ✷✵✵✽ ❀ ❇♦♦t❤ ❡t ❛❧✳✱
✷✵✶✸✮✳ P♦✉r ♥♦tr❡ ét✉❞❡✱ ❛✜♥ ❞❡ ♥♦✉s ♣ré♣❛r❡r à ❞❡ ♥♦✉✈❡❧❧❡s ❝♦♥tr❛✐♥t❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s✱
♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s ✿ ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ st❛♥❞❛r❞ ❛✈❡❝ ✉♥ ❞✐sq✉❡ s✬ét❡♥❞❛♥t
✐♥✐t✐❛❧❡♠❡♥t ❞✬✉♥ r❛②♦♥ ✐♥t❡r♥❡ ❞❡ ✹✵ à ✉♥ r❛②♦♥ ❡①t❡r♥❡ ❞❡ ✶✵✵ ❯❆✱ ❡t ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ♣❧✉s
❝♦♠♣❛❝t❡✱ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❡ ❞✐sq✉❡ s✬ét❡♥❞ ❞❡ ✶✵ à ✹✵ ❯❆ ❞❡ s♦♥ ét♦✐❧❡✳ ❉❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ✉♥
❞✐sq✉❡ ❞❡ r❛②♦♥ ❡①t❡r♥❡ ❞❡ ✷✵✵ ❯❆ ♦♥t été ❡✛❡❝t✉é❡s ♠❛✐s ♥❡ s♦♥t ♣❛s ♣rés❡♥té❡s✳
▲✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡st ✐♥✐t✐❛❧❡♠❡♥t ♣❧❛❝é❡ à ❣r❛♥❞❡ ❞✐st❛♥❝❡ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ✭≥ ✶✵✵✵ ❯❆✮
❛✜♥ ❞❡ ♥❡ ♣❛s ♣❡rt✉r❜❡r ❧❡ ❞✐sq✉❡ ❞ès ❧❡ ❞é❜✉t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ❙❛ ✈✐t❡ss❡ ✐♥✐t✐❛❧❡ ❡st ❝❛❧❝✉❧é❡
❞❡ t❡❧❧❡ s♦rt❡ q✉❡ s❛ tr❛❥❡❝t♦✐r❡ ♣❛r r❛♣♣♦rt à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ s♦✐t ♣❛r❛❜♦❧✐q✉❡✳ ❙♦♥ ♠♦✉✈❡✲
♠❡♥t ❡st ❡♥s✉✐t❡ ❝❛❧❝✉❧é ♥✉♠ér✐q✉❡♠❡♥t ❣râ❝❡ à ❧✬éq✉❛t✐♦♥ ✷✳✻✳ ▲❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ♦♥t été
❝❤♦✐s✐❡s ❛✜♥ ❞✬♦❜t❡♥✐r ❞❡s ❞✐st❛♥❝❡s ♠✐♥✐♠❛❧❡s ❞✬❛♣♣r♦❝❤❡ ❝♦♠♣r✐s❡s ❡♥tr❡ ✶✵✵ ❡t ✶✵✵✵ ❯❆✳ ▲❛
✈✐t❡ss❡ rés✉❧t❛♥t❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✱ r❡❧❛t✐✈❡♠❡♥t à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ ❡st ♠❛①✐♠❛❧❡ ❧♦rsq✉❡ ❧❛
❞✐st❛♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ét♦✐❧❡s ❡st ♠✐♥✐♠❛❧❡ ❀ s❡❧♦♥ ❧❡s ♠❛ss❡s st❡❧❧❛✐r❡s ❡t ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡
❞✬❛♣♣r♦❝❤❡✱ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡st ❝♦♠♣r✐s❡ ❡♥tr❡ ✸ ❡t ✷✵ ❦♠✳s−1✳ ▲✬❡✛❡t ❞❡
♣✉r❣❡ s✉r ❧❡ ❞✐sq✉❡ ❞✉ ♣❛ss❛❣❡ ❞❡ ❧✬ét♦✐❧❡ ❞é♣❡♥❞ ❜❡❛✉❝♦✉♣ ❞❡ ❝❡tt❡ ✈✐t❡ss❡✳
▲❛ ❞✉ré❡ ♣❤②s✐q✉❡ ❞❡s s✐♠✉❧❛t✐♦♥s ❡st ❞❡ q✉❡❧q✉❡s ♠✐❧❧✐❡rs ❞✬❛♥♥é❡s✱ ❧❡ t❡♠♣s ♣♦✉r q✉❡
❧❡s ❞❡✉① ét♦✐❧❡s s❡ s♦✐t s✉✣s❛♠♠❡♥t é❧♦✐❣♥é❡s ❡t ♥❡ ♣✉✐ss❡♥t ♣❧✉s ♣❡rt✉r❜❡r ❧❡s ♣❧❛♥étés✐♠❛✉①
s❛t❡❧❧✐sés ❛✉t♦✉r ❞❡ ❧✬✉♥❡ ♦✉ ❧✬❛✉tr❡✳ ▲❛ ✜❣✉r❡ ✸✳✶ ♠♦♥tr❡ ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s
❧♦rs ❞✬✉♥❡ r❡♥❝♦♥tr❡ ♣r♦❝❤❡✱ ♦ù ❧❡s ♠♦✉✈❡♠❡♥ts ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ s♦♥t
❝♦♣❧❛♥❛✐r❡s ❡t ♣r♦❣r❛❞❡s✳ ▲❡ ❞✐sq✉❡ ❡st ❞✬❛❜♦r❞ ✉♥ ♣❡✉ ❞é❢♦r♠é✱ ❛✈❛♥t ❞✬êtr❡ ♥❡tt❡♠❡♥t ❛❧téré
❧♦rsq✉❡ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡st ♠✐♥✐♠❛❧❡✱ ❡t ❞♦♥❝ q✉❡ ❧❡s ❢♦r❝❡s ❞❡ ♠❛ré❡s s♦♥t
♠❛①✐♠❛❧❡s✳ ❋✐♥❛❧❡♠❡♥t✱ ✉♥ ♣❛rt✐❡ ❞❡s ♣❧❛♥étés✐♠❛✉① r❡st❡♥t ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡♠❡♥t ❧✐és à ❧✬ét♦✐❧❡
❝❡♥tr❛❧❡✱ ♠❛✐s ❞❛♥s ✉♥❡ ♥♦✉✈❡❧❧❡ ❝♦♥✜❣✉r❛t✐♦♥ ❞②♥❛♠✐q✉❡✱ ✉♥❡ ❛✉tr❡ ♣❛rt✐❡ ❡st ❝❛♣t✉ré❡ ♣❛r
❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✱ ❡t ❧❡s ❛✉tr❡s s♦♥t é❥❡❝tés ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳ ◆♦✉s ♥♦✉s s♦♠♠❡s ✐♥✲
tér❡ssés ❛✉① t❛✉① ❞❡ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ❝✬❡st✲à✲❞✐r❡ ❛✉ ♥♦♠❜r❡ ❞❡ ♣❧❛♥étés✐♠❛✉① é❥❡❝tés
♦✉ ❝❛♣t✉rés ♣❛r ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✳
✹✸
❋✐❣✉r❡ ✸✳✶ ✕ ➱✈♦❧✉t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❧♦rs ❞✬✉♥❡ r❡♥❝♦♥tr❡ st❡❧❧❛✐r❡ ♣r♦❝❤❡✳ ▲❡ ❞✐sq✉❡ s✬ét❡♥❞
❞❡ ✹✵ à ✶✵✵ ❯❆✱ s❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ✐♥✐t✐❛❧❡♠❡♥t s✉r ❞❡s ♦r❜✐t❡s ❝✐r❝✉❧❛✐r❡s ❡t ❝♦♣❧❛♥❛✐r❡s✳ ▲❡
♠♦✉✈❡♠❡♥t ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡st ♣r♦❣r❛❞❡ ❡t ❝♦♣❧❛♥❛✐r❡ ♣❛r r❛♣♣♦rt à ❝❡❧✉✐ ❞✉ ❞✐sq✉❡✳ ▲❡s ❞❡✉①
ét♦✐❧❡s ♦♥t ❧❛ ♠ê♠❡ ♠❛ss❡✳ ▲❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❡st ❞❡ ✷✵✵ ❯❆✱ à ✉♥❡ ✈✐t❡ss❡ r❡❧❛t✐✈❡
❞❡ ✹✱✷ ❦♠✳s−1✳ ▲❡s ♣♦✐♥ts r♦✉❣❡s r❡♣rés❡♥t❡♥t ❧❡s ♣❧❛♥étés✐♠❛✉① ❧✐és à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ ❧❡s ✈❡rts ❝❡✉①
❝❛♣t✉rés ♣❛r ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✱ ❧❡s ❜❧❡✉s ❝❡✉① é❥❡❝tés✳ ▲❡s ❛stér✐sq✉❡s r❡♣rés❡♥t❡♥t ❧❡s ét♦✐❧❡s✳ ▲❡ t❛✉① ❞❡
♣✉r❣❡ ✜♥❛❧ ❡st ❞❡ ✶✷ ✪ ✭✶✶ ✪ ❝❛♣t✉rés ❡t ✶ ✪ é❥❡❝tés✮✳
✹✹
❉❡s s✐♠✉❧❛t✐♦♥s ♦♥t été ❡✛❡❝t✉é❡s ♣♦✉r ❧❡s ❞❡✉① t❛✐❧❧❡s ❞❡ ❞✐sq✉❡s ❝❤♦✐s✐❡s✱ ♣♦✉r ♣❧✉s✐❡✉rs
❞✐st❛♥❝❡s ♠✐♥✐♠❛❧❡s ❞✬❛♣♣r♦❝❤❡s✱ ❛❧❧❛♥t ❞❡ ✶✵✵ ❯❆ à ✶✵✵✵ ❯❆ ❀ ♣♦✉r ❤✉✐t r❛♣♣♦rts ❞❡ ♠❛ss❡
mp/mc ❞✐✛ér❡♥ts ✭✷✵✱ ✶✵✱ ✹✱ ✷✱ ✶✱ ✵✳✺✱ ✵✳✷✺✱ ✵✳✶✮ ❀ ❡t ♣♦✉r ❞✐✛ér❡♥t❡s ✐♥❝❧✐♥❛✐s♦♥s i ❞✉ ♣❧❛♥
♦r❜✐t❛❧ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ❞✉ ❞✐sq✉❡ ✭0✝✱ 30✝✱ 45✝✱ 90✝✱ 135✝✱ 150✝✱ 180✝✱
❝❡s tr♦✐s ❞❡r♥✐❡rs ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ♠♦✉✈❡♠❡♥t rétr♦❣r❛❞❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ♣❛r r❛♣♣♦rt
❛✉ ❞✐sq✉❡✮✳
▲♦rsq✉❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ i ❡st s✉♣ér✐❡✉r❡ à 45✝❡t✴♦✉ q✉❡ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡
❡st rétr♦❣r❛❞❡ ♣❛r r❛♣♣♦rt ❛✉ ❞✐sq✉❡✱ ♥♦✉s ❛✈♦♥s ❝♦♥st❛té q✉❡ ❧❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ♥❡ ♣❛r✲
✈✐❡♥♥❡♥t ♣❛s à ♣✉r❣❡r ❞❡ ❢❛ç♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱
❧❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❞✉r❡♥t ♠♦✐♥s ❧♦♥❣t❡♠♣s ❡t ♥❡ s♦♥t ♣❛s
s✉✣s❛♥t❡s ♣♦✉r ✈✐❞❡r ❧❡ ❞✐sq✉❡ ❀ ❝❡t ❡✛❡t ❛ é❣❛❧❡♠❡♥t été ♥♦té ♣❛r ❚♦♦♠r❡ ❛♥❞ ❚♦♦♠r❡ ✭✶✾✼✷✮✱
❇❡✉st ❛♥❞ ❉✉tr❡② ✭✷✵✵✻✮ ❡t ❘❡❝❤❡ ❡t ❛❧✳ ✭✷✵✵✾✮✳
❋✐❣✉r❡ ✸✳✷ ✕ Pr♦♣♦rt✐♦♥s ❞❡ ♣❧❛♥étés✐♠❛✉① ❡①♣✉❧sés ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡♥❞❛♥t ✉♥ ♣❛ss❛❣❡
st❡❧❧❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡✱ ♣♦✉r ❞✐✛ér❡♥ts r❛♣♣♦rts ❞❡ ♠❛ss❡ mp/mc ❞❡s
ét♦✐❧❡s ♣❛ss❛♥t❡ ❡t ❝❡♥tr❛❧❡✳ ▲❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❡st ❝❡❧✉✐ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡t
❧❡✉rs ♠♦✉✈❡♠❡♥ts s♦♥t ♣r♦❣r❛❞❡s✳ ▲❡s r❛②♦♥s ✐♥t❡r♥❡s ❡t ❡①t❡r♥❡s ❞✉ ❞✐sq✉❡ s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ✜①és à ✹✵
❡t ✶✵✵ ❯❆✳ ▲❡s tr❛✐ts ♣❧❡✐♥s r❡❧✐❡♥t ❧❡s ♣♦✐♥ts ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ❞✐sq✉❡ ❞♦♥t ❧❡s ♣❧❛♥étés✐♠❛✉① s♦♥t
✐♥✐t✐❛❧❡♠❡♥t ♣❧❛❝és s✉r ❞❡s ♦r❜✐t❡s ❝✐r❝✉❧❛✐r❡s ❡t ♥♦♥ ✐♥❝❧✐♥és✳ ▲❡s tr❛✐ts ♣♦✐♥t✐❧❧és ❝♦rr❡s♣♦♥❞❡♥t à ✉♥
❞✐sq✉❡ ✐♥✐t❛❧❡♠❡♥t ❢♦rt❡♠❡♥t ❡①❝✐té✱ ❞♦♥t ❧❡s ❡①❝❡♥tr✐❝✐tés s♦♥t ❞✐str✐❜✉és ❛❧é❛t♦✐r❡♠❡♥t ❡♥tr❡ ✵ ❡t ✵✱✾✺✱
❡t ❧❡s ✐♥❝❧✐♥❛✐s♦♥s ❡♥tr❡ 0✝❡t 30✝✳
❙❡✉❧s ❧❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ❞✬✐♥❝❧✐♥❛✐s♦♥ i < 45✝❡♥tr❛î♥❡♥t ❞♦♥❝ ✉♥❡ ♣✉r❣❡ s✐❣♥✐✜❝❛t✐✈❡
❞✉ ❞✐sq✉❡✱ s♦✐t q✉❡ ❧❡s ♣❧❛♥étés✐♠❛✉① s♦✐❡♥t ❝❛♣t✉rés ♣❛r ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✱ s♦✐t q✉✬✐❧s s♦✐❡♥t
é❥❡❝tés ❞❛♥s ❧✬❡s♣❛❝❡ ✐♥t❡rst❡❧❧❛✐r❡✳ ▲❡s t❛✉① ❞❡ ♣✉r❣❡ ♣♦✉r ❞✐✛ér❡♥ts r❛♣♣♦rts ❞❡ ♠❛ss❡ mp/mc
❡t ❞✐st❛♥❝❡s ♠✐♥✐♠❛❧❡s ❞✬❛♣♣r♦❝❤❡s s♦♥t ♠♦♥trés ✜❣✉r❡s ✸✳✷ ❡t ✸✳✸✳ ▲❛ ✜❣✉r❡ ✸✳✷ ❝♦rr❡s♣♦♥❞
❛✉ ❞✐sq✉❡ ✐♥✐t✐❛❧❡♠❡♥t ét❡♥❞✉ ❞❡ ✹✵ à ✶✵✵ ❯❆ ❡t ❧❛ ✜❣✉r❡ ✸✳✸ ❛✉ ❞✐sq✉❡ ❝♦♠♣❛❝t✱ ❞❡ ✶✵ à ✹✵
✹✺
❋✐❣✉r❡ ✸✳✸ ✕ Pr♦♣♦rt✐♦♥s ❞❡ ♣❧❛♥étés✐♠❛✉① ❡①♣✉❧sés ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡♥❞❛♥t ✉♥ ♣❛ss❛❣❡
st❡❧❧❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡✱ ♣♦✉r ❞✐✛ér❡♥ts r❛♣♣♦rts ❞❡ ♠❛ss❡ mp/mc ❞❡s
ét♦✐❧❡s ♣❛ss❛♥t❡ ❡t ❝❡♥tr❛❧❡✳ ▲❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❡st ❝❡❧✉✐ ❞❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡t
❧❡✉rs ♠♦✉✈❡♠❡♥ts s♦♥t ♣r♦❣r❛❞❡s✳ ▲❡s r❛②♦♥s ✐♥t❡r♥❡s ❡t ❡①t❡r♥❡s ❞✉ ❞✐sq✉❡ s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ✜①és à
✶✵ ❡t ✹✵ ❯❆✳ ▲❡s tr❛✐ts ♣❧❡✐♥s r❡❧✐❡♥t ❧❡s ♣♦✐♥ts ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ❞✐sq✉❡ ❞♦♥t ❧❡s ♣❧❛♥étés✐♠❛✉① s♦♥t
✐♥✐t✐❛❧❡♠❡♥t ♣❧❛❝és s✉r ❞❡s ♦r❜✐t❡s ❝✐r❝✉❧❛✐r❡s ❡t ♥♦♥ ✐♥❝❧✐♥és✳ ▲❡s tr❛✐ts ♣♦✐♥t✐❧❧és ❝♦rr❡s♣♦♥❞❡♥t à ✉♥
❞✐sq✉❡ ✐♥✐t❛❧❡♠❡♥t ❢♦rt❡♠❡♥t ❡①❝✐té✱ ❞♦♥t ❧❡s ❡①❝❡♥tr✐❝✐tés s♦♥t ❞✐str✐❜✉és ❛❧é❛t♦✐r❡♠❡♥t ❡♥tr❡ ✵ ❡t ✵✱✾✺✱
❡t ❧❡s ✐♥❝❧✐♥❛✐s♦♥s ❡♥tr❡ 0✝❡t 30✝✳
❯❆✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ✜❣✉r❡s ❡t ❧❡✉rs ❝♦✉r❜❡s ♠♦♥tr❡♥t q✉❡ ❧❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s
s♦♥t ❞✬❛✉t❛♥t ♣❧✉s ❡✣❝❛❝❡s ♣♦✉r ✈✐❞❡r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s q✉❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡st ♠❛ss✐✈❡
♣❛r r❛♣♣♦rt à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ q✉❡ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❡st ❢❛✐❜❧❡ ❡t✴♦✉ q✉❡ ❧❡
❞✐sq✉❡ ❡st ét❡♥❞✉✳ ❊♥ ❡✛❡t✱ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ tr❛♥s❢èr❡ ♣❧✉s ❞✬é♥❡r❣✐❡ ❛✉ ♣❧❛♥étés✐♠❛❧ ❧♦rsq✉❡ ❧❡
♣❛ss❛❣❡ ❡st ♣r♦❝❤❡ ❡t q✉❡ ❧✬ét♦✐❧❡ ❡st ♠❛ss✐✈❡✳ ❉❡ ♠ê♠❡✱ ❧❛ ✈✐t❡ss❡ ❞❡ ❧✐❜ér❛t✐♦♥ ♣❡r♠❡tt❛♥t ❛✉
♣❧❛♥étés✐♠❛❧ ❞❡ s✬é❝❤❛♣♣❡r ❡st ❞✬❛✉t❛♥t ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❡st ♠❛ss✐✈❡✳
▲❡s tr❛✐ts ♣❧❡✐♥s s✉r ❧❡s ✜❣✉r❡s ✸✳✷ ❡t ✸✳✸ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❞✐sq✉❡s ❞♦♥t ❧❡s ♣❧❛♥étés✐♠❛✉①
s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ♣❧❛❝és s✉r ❞❡s ♦r❜✐t❡s ❝✐r❝✉❧❛✐r❡s ❡t ♥♦♥ ✐♥❝❧✐♥é❡s ❧❡s ✉♥s ♣❛r r❛♣♣♦rt ❛✉①
❛✉tr❡s✱ ❝✬❡st✲à✲❞✐r❡ à ❞❡s ❞✐sq✉❡s q✉✐ ♥✬♦♥t ♣❛s ❡♥❝♦r❡ été ♣❡rt✉r❜és ♣❛r ❞❡s ét♦✐❧❡s ♦✉ ♣❧❛♥èt❡s✳
▼❛✐s ❞❛♥s ✉♥ ❛♠❛s ♦✉✈❡rt ❞❡ ❢♦rt❡ ❞❡♥s✐té st❡❧❧❛✐r❡✱ ✉♥❡ ét♦✐❧❡ ♣❡✉t s✉❜✐r ♣❧✉s✐❡✉rs r❡♥❝♦♥tr❡s
♣r♦❝❤❡s✱ ❝❡ q✉✐ s✐❣♥✐✜❡ q✉❡ ❧❡ ❞✐sq✉❡ ♣❡✉t êtr❡ ❞é❥à ❞②♥❛♠✐q✉❡♠❡♥t ❡①❝✐té ❛✉ ♠♦♠❡♥t ❞❡ ❧❛
r❡♥❝♦♥tr❡✱ à ❝❛✉s❡ ❞✬✉♥❡ ♣ré❝é❞❡♥t❡ r❡♥❝♦♥tr❡ st❡❧❧❛✐r❡✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ✈♦✉❧✉ ❞ét❡r♠✐♥❡r s✐ ❧❡s
t❛✉① ❞❡ ♣✉r❣❡ ét❛✐t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❞✐✛ér❡♥ts ❧♦rsq✉❡ ❧❡ ❞✐sq✉❡ ❡st ✐♥✐t✐❛❧❡♠❡♥t ❡①❝✐té✳ ◆♦✉s
❛✈♦♥s ♣♦✉r ❝❡❧❛ ❧❛♥❝é ✉♥❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s ❡♥ ♣❛rt❛♥t ❞✬✉♥ ❞✐sq✉❡ ❞②♥❛♠✐q✉❡♠❡♥t ❢♦rt❡✲
♠❡♥t ❡①❝✐té✳ ▲❡s ❞❡♠✐✲❣r❛♥❞s ❛①❡s✱ ❡①❝❡♥tr✐❝✐tés ❡t ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉①✱ à ❧✬✐♥st❛♥t
✐♥✐t✐❛❧✱ s♦♥t ✉♥✐❢♦r♠é♠❡♥t ❞✐str✐❜✉és✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❡♥tr❡ ✹✵ ❡t ✶✵✵ ❯❆ ✭♦✉ ❡♥tr❡ ✶✵ ❡t ✹✵✱
❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❝♦♠♣❛❝t❡✮✱ ❡♥tr❡ ✵ ❡t ✵✱✾✺✱ ❡t ❡♥tr❡ ✵✝❡t ✸✵✝✳ ▲❡ ♥♦♠❜r❡ ❞❡ ♣❧❛♥étés✐♠❛✉①
❛ été ♣♦rté à 105✳
✹✻
❖r❜✐t❡s ✐♥✐t✐❛❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉①
mp
mc
❝✐r❝✉❧❛✐r❡s✱ ❡①❝❡♥tr✐q✉❡s✱ ❡①❝❡♥tr✐q✉❡s✱
♥♦♥ ✐♥❝❧✐♥é❡s ♥♦♥ ✐♥❝❧✐♥é❡s ✐♥❝❧✐♥é❡s
✹ ✹✼ ✪ ✻✸ ✪ ✺✾ ✪
✷ ✷✼ ✪ ✹✷ ✪ ✸✽ ✪
✶ ✶✷ ✪ ✷✶ ✪ ✶✽ ✪
✵✱✺ ✹✱✾ ✪ ✶✷ ✪ ✾✱✸ ✪
✵✱✷✺ ✶✱✷ ✪ ✻✱✷ ✪ ✹✱✼ ✪
❚❆❇▲❊❆❯ ✸✳✷ ✕ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ♣r♦♣♦rt✐♦♥s ❞❡ ♣❧❛♥étés✐♠❛✉① ❡①♣✉❧sés ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s
♣❡♥❞❛♥t ✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✐♥✐t✐❛❧❡ ❞✉ ❞✐sq✉❡ ❡t ❞✉ r❛♣♣♦rt ❞❡ ♠❛ss❡
mp/mc✳ ▲❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❡st ✐❝✐ ❞❡ ✷✵✵ ❯❆✱ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡st
♣r♦❣r❛❞❡ ❡t ❞❛♥s ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✳ ▲❡s ❞❡♠✐✲❣r❛♥❞s ❛①❡s ❞❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ✐♥✐t✐❛❧❡♠❡♥t
✜①és ❡♥tr❡ ✹✵ ❡t ✶✵✵ ❯❆ ❀ ❧❡✉r ❡①❝❡♥tr✐❝✐tés s♦♥t s♦✐t ✜①é❡s à ✵ s♦✐t ❡♥tr❡ ✵ ❡t ✵✱✾✺ ❀ ❧❡✉rs ✐♥❝❧✐♥❛✐s♦♥s
s♦✐t à ✵✝s♦✐t ❡♥tr❡ ✵✝❡t ✸✵✝✳
❈❡s s✐♠✉❧❛t✐♦♥s ♣❛rt❛♥t ❞✬✉♥ ❞✐sq✉❡ ❞②♥❛♠✐q✉❡♠❡♥t ❡①❝✐té ❝♦rr❡s♣♦♥❞❡♥t s✉r ❧❡s ✜❣✉r❡s
✸✳✷ ❡t ✸✳✸ ❛✉① ♣♦✐♥ts r❡❧✐és ♣❛r ❧❡s tr❛✐ts ♣♦✐♥t✐❧❧és✳ ▲❡ t❛❜❧❡❛✉ ✸✳✷ ❞♦♥♥❡ é❣❛❧❡♠❡♥t ❧❡ rés✉❧t❛t
❞❡ ❝❡rt❛✐♥❡s ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s✱ ❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ st❛♥❞❛r❞ ❞✉ ❞✐sq✉❡ ✭✹✵✲✶✵✵ ❯❆✮ ❡t ♣♦✉r
✉♥❡ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❞❡ ✷✵✵ ❯❆✱ ❛✈❡❝ ❛✉ss✐ q✉❡❧q✉❡s s✐♠✉❧❛t✐♦♥s ❧❛♥❝é❡s ♣♦✉r ❞❡s
♦r❜✐t❡s ✐♥✐t✐❛❧❡♠❡♥t ❡①❝❡♥tr✐q✉❡s ♠❛✐s ❝♦♣❧❛♥❛✐r❡s✳ ❈❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❧♦rsq✉❡ ❧❡ ❞✐sq✉❡
❡st ✐♥✐t✐❛❧❡♠❡♥t ❞②♥❛♠✐q✉❡♠❡♥t ❡①❝✐té✱ ❧❡ t❛✉① ❞❡ ♣✉r❣❡ ❞❡s ❞✐sq✉❡s ❡st q✉❡❧q✉❡ ♣❡✉ ♣❧✉s é❧❡✈é✱
♠❛✐s s❛♥s ❝❤❛♥❣❡r ❞✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✱ ❡t ❝❡ ♠❛❧❣ré ✉♥ ét❛t ✐♥✐t✐❛❧ ❞✬❡①❝✐t❛t✐♦♥ très ✐♠♣♦rt❛♥t✳
◆♦✉s ❛✈♦♥s ❡st✐♠é q✉❡ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧✬ét❛t ❞✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ ♣♦✉✈❛✐t
♠♦❞✐✜❡r ❧❡ t❛✉① ❞❡ ♣✉r❣❡ ✜♥❛❧ ✭❛♣rès ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❛♥s ❧✬❛♠❛s ♦✉✈❡rt✮ ❛✉ ♣❧✉s ❞✬✉♥
❢❛❝t❡✉r ❞❡✉①✱ ❝❡❝✐ ❞é♣❡♥❞❛♥t ❞✉ ♥♦♠❜r❡ ❡t ❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s✳ ❯♥❡
t❡❧❧❡ ♠♦❞✐✜❝❛t✐♦♥ ♥✬❛ ♣❛s ❜❡❛✉❝♦✉♣ ❞✬✐♠♣♦rt❛♥❝❡ ❧♦rsq✉✬✐❧ s✬❛❣✐t ❞✬é✈❛❧✉❡r ❧✬✐♠♣❛❝t ❞✉ t❛✉①
❞❡ ♣✉r❣❡ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ❧❡ ❞✐sq✉❡ ❀ ✐❧ ❢❛✉❞r❛✐t ❛✉ ♠♦✐♥s ✉♥ ❢❛❝t❡✉r ❞✐①
♣♦✉r q✉❡ ❧✬✐♠♣❛❝t s✉r ❧❛ ❞ét❡❝t❛❜✐❧✐té ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s♦✐t s✐❣♥✐✜❝❛t✐✈❡✳ ❆✉ss✐ ❛✈♦♥s✲♥♦✉s
❝❤♦✐s✐✱ ♣♦✉r ❧❛ s✉✐t❡ ❞❡ ♥♦tr❡ ❛♥❛❧②s❡✱ ❞✬✉t✐❧✐s❡r ❧❡s rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ❝♦rr❡s♣♦♥❞❛♥t ❛✉
❞✐sq✉❡ ✐♥✐t✐❛❧❡♠❡♥t ♥♦♥ ❡①❝✐té✳
✸✳✶✳✷✳✷ ❋réq✉❡♥❝❡ ❞❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ❞❛♥s ✉♥ ❛♠❛s ♦✉✈❡rt
▲❡ t❡♠♣s tenc ❡♥tr❡ ❞❡✉① r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s✱ ❞❡ ❞✐st❛♥❝❡ ♠✐♥✐♠✉♠ d < denc✱ ❞❛♥s
✉♥ ❛♠❛s ♦✉✈❡rt✱ ♣❡✉t êtr❡ ❡st✐♠é ❣râ❝❡ à ❧❛ t❤é♦r✐❡ ❝✐♥ét✐q✉❡✱ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬❡✛❡t ❞✉
✓ ❣r❛✈✐t❛t✐♦♥❛❧ ❢♦❝✉s✐♥❣ ✔ ✭❇✐♥♥❡② ❛♥❞ ❚r❡♠❛✐♥❡✱ ✶✾✽✼✮ ✿
1
tenc
= 4
√
πnσd2enc +
2
√
πG(mc +mp)ndenc
σ
✭✸✳✶✮
♦ù n ❡st ❧❛ ❞❡♥s✐té st❡❧❧❛✐r❡ ❡t σ ❡st ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡ ❧❛ ❧♦✐ ❞❡ ❞✐str✐❜✉t✐♦♥ ♠❛①✇❡❧❧✐❡♥♥❡ ❞❡s
✈✐t❡ss❡s st❡❧❧❛✐r❡s ❞❛♥s ❧✬❛♠❛s✳
P♦✉r ♥♦tr❡ ♠♦❞è❧❡ ✭♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s s✉r ❝❡ ♠♦❞è❧❡✱ ✈♦✐r ▲❡str❛❞❡ ❡t ❛❧✳ ✭✷✵✶✶✮✮✱ ♥♦✉s
❛✈♦♥s ❝♦♥s✐❞éré ✉♥❡ ❞é❝r♦✐ss❛♥❝❡ ❧✐♥é❛✐r❡ ❞❡ ❧❛ ❞❡♥s✐té st❡❧❧❛✐r❡ n ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s t✱
♣❡♥❞❛♥t ❧✬❡①♣❛♥s✐♦♥ ❞❡ ❧✬❛♠❛s ✭❡♥ s❡ ❜❛s❛♥t s✉r ❧✬ét✉❞❡ ❞❡ ❈♦♥✈❡rs❡ ❛♥❞ ❙t❛❤❧❡r ✭✷✵✶✵✮✮✱ ❝❡
q✉✐ ❞♦♥♥❡ ✿
n = n0fp − (n0 − n1)fp t
tcl
✭✸✳✷✮
✹✼
♦ù fp ❡st ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞✬ét♦✐❧❡ ❝♦rr❡s♣♦♥❞❛♥t à ❝❤❛q✉❡ t②♣❡ s♣❡❝tr❛❧✱ ❞♦♥♥é ❞❛♥s ❧❡ t❛❜❧❡❛✉
✸✳✸✳ ▲❛ ❞❡♥s✐té st❡❧❧❛✐r❡ ❞é❝r♦ît ❛✐♥s✐ ❞✬✉♥❡ ✈❛❧❡✉r n0 à t = 0 ❥✉sq✉✬à ✈❛❧♦✐r n1 = ✵✱✶ ♣❝−3 à
t = tcl✳ ▲❛ ✈❛❧❡✉r ✜♥❛❧❡ ❞❡ ✵✱✶ ♣❝−3 ❝♦rr❡s♣♦♥❞ à ❝❡❧❧❡ ♦❜s❡r✈é❡ ❞❛♥s ❞❡ ✈✐❡✉① ❛♠❛s ♦✉✈❡rts
✭❆❜t✱ ✷✵✵✾✮ ❛✐♥s✐ q✉❡ ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡✳ tcl ❡st ❧❛ ❞✉ré❡ ❞❡ ✈✐❡ ❞❡ ❧✬❛♠❛s✱ é✈❛❧✉é❡ à ✶✵✵
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ✭▲❛❞❛ ❛♥❞ ▲❛❞❛✱ ✷✵✵✸✮✳
❚②♣❡ s♣❡❝tr❛❧
■♥t❡r✈❛❧❧❡ ❞❡ ♠❛ss❡
P♦✉r❝❡♥t❛❣❡ fpmp ✭▼⊙✮
▼✽ ✲ ▼✺ ✵✱✶✵ ✲ ✵✱✷✶ ✹✸✱✵ ✪
▼✹ ✲ ▼✵ ✵✱✷✶ ✲ ✵✱✹✼ ✸✶✱✺ ✪
❑✽ ✲ ❑✵ ✵✱✹✼ ✲ ✵✱✽✵ ✶✷✱✹ ✪
●✽ ✲ ●✵ ✲ ❋✵ ✵✱✽✵ ✲ ✶✱✼✵ ✽✱✺ ✪
❆✽ ✲ ❆✵ ✶✱✼✵ ✲ ✸✱✷✵ ✷✱✼ ✪
❇✽ ✲ ❇✺ ✸✱✷✵ ✲ ✻✱✺✵ ✶✱✸ ✪
❚❆❇▲❊❆❯ ✸✳✸ ✕ ❉✐str✐❜✉t✐♦♥ ❞❡s t②♣❡s s♣❡❝tr❛✉① ♣♦✉r ❧❡s ét♦✐❧❡s ♣❛ss❛♥t❡s✱ ❞✬❛♣rès ●❛r❝í❛✲❙á♥❝❤❡③
❡t ❛❧✳ ✭✷✵✵✶✮
▲❡ ♥♦♠❜r❡ ❞❡ r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ♣♦✉r ✉♥❡ ét♦✐❧❡✱ ♣♦✉r ✉♥❡ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡
d < denc✱ ♣❡✉t êtr❡ ❡st✐♠é ♣❛r ❧❛ ♣❤❛s❡ φ ✿
φ(d < denc) =
∫ tcl
0
1
tenc
dt ✭✸✳✸✮
❉❛♥s ❝❡tt❡ ❢♦r♠✉❧❛t✐♦♥✱ ❧❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ❞❡ ❞✐st❛♥❝❡s ♠✐♥✐♠❛❧❡s ❞✬❛♣♣r♦❝❤❡
✐♥❢ér✐❡✉r❡ à denc ✭❡t ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ 4σ/
√
π✮ ✐♥t❡r✈✐❡♥♥❡ ❞♦♥❝ à ❝❤❛q✉❡ ❢♦✐s q✉❡ ❧❛ ♣❤❛s❡ φ
♣r❡♥❞ ✉♥❡ ✈❛❧❡✉r ❡♥t✐èr❡✳
❚♦✉t❡s ❧❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ♥❡ s♦♥t ♣❛s ❡✣❝❛❝❡s ♣♦✉r ✈✐❞❡r ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳
◆♦✉s ❛✈♦♥s ✈✉ q✉❡ s❡✉❧❡s ❧❡s r❡♥❝♦♥tr❡s ♣r♦❣r❛❞❡s ❡t ❞✬✐♥❝❧✐♥❛✐s♦♥ i < ✹✺✝♣❡r♠❡tt❡♥t ✉♥❡ ♣✉r❣❡
s✐❣♥✐✜❝❛t✐✈❡ ❀ ❝❡s ❝♦♥❞✐t✐♦♥s ❝♦rr❡s♣♦♥❞❡♥t à ✉♥ ♠♦♠❡♥t ❝✐♥ét✐q✉❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ✭♣❛r r❛♣✲
♣♦rt à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✮ ❢❛✐s❛♥t ✉♥ ❛♥❣❧❡ ✐♥❢ér✐❡✉r à ✹✺✝❛✈❡❝ ❝❡❧✉✐ ❞✉ ❞✐sq✉❡✳ ❊♥ s✉♣♣♦s❛♥t q✉❡
❧❛ ❞✐r❡❝t✐♦♥ ❞✉ ♠♦♠❡♥t ❝✐♥ét✐q✉❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡st ❛❧é❛t♦✐r❡✱ ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬✉♥❡ t❡❧❧❡
r❡♥❝♦♥tr❡ ♣r♦❝❤❡ ❡st ❞❡ p =
∫ pi/4
0
1
2 sin θdθ =
2−
√
2
4 ≈ 0,15✳ ■❧ ❢❛✉t ❞♦♥❝ ❡♥✈✐r♦♥ s✐① r❡♥❝♦♥tr❡s
♣r♦❝❤❡s ♣♦✉r q✉✬✉♥❡ ❛✐t ❧✬✐♥❝❧✐♥❛✐s♦♥ i ♥é❝❡ss❛✐r❡ ♣♦✉r ♣❡r♠❡ttr❡ ✉♥❡ ♣✉r❣❡ ❞✉ ❞✐sq✉❡✳
❆✜♥ ❞✬❡st✐♠❡r ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉① r❡st❛♥t ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛♣rès ✶✵✵
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱ ♥♦✉s ♣♦✉✈♦♥s ✉t✐❧✐s❡r ❧❡s éq✉❛t✐♦♥s ✸✳✶✱ ✸✳✷ ❡t ✸✳✸ ♣♦✉r ❞ét❡r♠✐♥❡r ❧❛ ❞✐st❛♥❝❡
♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ♣♦✉r ❧❛q✉❡❧❧❡ s✐① r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ❛✉r♦♥t ❧✐❡✉ ♣❡♥❞❛♥t ❧❛ ❞✉ré❡ ❞❡ ✈✐❡
❞❡ ❧✬❛♠❛s✳ ▲✬éq✉❛t✐♦♥ ✸✳✸ ❞❡✈✐❡♥t φ(d < denc) = 6✳ ◆♦✉s ❧✬❛✈♦♥s rés♦❧✉❡ ♥✉♠ér✐q✉❡♠❡♥t ❡t
❛✈♦♥s ✉t✐❧✐sé ❧❡s ✈❛❧❡✉rs ❞❡s ✜❣✉r❡s ✸✳✷ ❡t ✸✳✸ ♣♦✉r é✈❛❧✉❡r ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ♣❧❛♥étés✐♠❛✉①
é✈❛❝✉és ❞✉ ❞✐sq✉❡✳ ❈❡ ❝❛❧❝✉❧ ♥❡ ❞♦♥♥❡ q✉✬✉♥❡ ❧✐♠✐t❡ ✐♥❢ér✐❡✉r❡ à ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉①
é✈❛❝✉és ✿ ❞✬❛❜♦r❞ ♣❛r❝❡ q✉❡ ❧❛ ❞✐st❛♥❝❡ d ❡✛❡❝t✐✈❡ ❞❡ ❧❛ r❡♥❝♦♥tr❡ ♣r♦❝❤❡ ♣❡✉t êtr❡ ✐♥❢ér✐❡✉r❡
à denc✱ ❡t ❞♦♥❝ ❛✈♦✐r ✉♥ ❡✛❡t ♣❧✉s ❞❡str✉❝t❡✉r s✉r ❧❡ ❞✐sq✉❡ ❀ ❡♥s✉✐t❡ ♣❛r❝❡ q✉❡ ❞❡s r❡♥❝♦♥tr❡s
♣r♦❝❤❡s à ❞❡ ♣❧✉s ❣r❛♥❞❡s ❞✐st❛♥❝❡s ♠✐♥✐♠❛❧❡s ❞✬❛♣♣r♦❝❤❡ q✉❡ denc ♣❡✉✈❡♥t ❛✈♦✐r ❧✐❡✉ ❡t ❛❝✲
❝❡♥t✉❡r ❧❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡✳
▲❡ ❝❛❧❝✉❧ ❡st ❡✛❡❝t✉é ♣♦✉r ❝❤❛❝✉♥ ❞❡s s✐① ✐♥t❡r✈❛❧❧❡s ❞❡ t②♣❡s s♣❡❝tr❛✉① ❧✐stés ❛✉ t❛❜❧❡❛✉
✸✳✸✱ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ♣♦✉r❝❡♥t❛❣❡ fp ❝♦rr❡s♣♦♥❞❛♥t✱ q✉❛♥t✐✜❛♥t ❧❡ ❢❛✐t q✉❡ s✐ ❧❡s r❡♥❝♦♥tr❡s ❛✈❡❝
❞❡s ét♦✐❧❡s ♠❛ss✐✈❡s s♦♥t ♣❧✉s ❞❡str✉❝tr✐❝❡s ♣♦✉r ❧❡ ❞✐sq✉❡✱ ❡❧❧❡s s♦♥t ❛✉ss✐ ♣❧✉s r❛r❡s✳ P✉✐s ❧❡s
✹✽
❡✛❡ts ❞❡ ❝❡s s✐① ✐♥t❡r✈❛❧❧❡s s♦♥t ❝♦♠❜✐♥és✱ ❡t ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts ❞❛♥s
✉♥ ❞✐sq✉❡ s✬é❧è✈❡ ❞♦♥❝ à (1 − s1) × (1 − s2) × . . . × (1 − s6)✱ ♦ù ❝❤❛q✉❡ si ❡st ❧❡ ♣♦✉r❝❡♥t❛❣❡
❞❡ ♣❧❛♥étés✐♠❛✉① ♣✉r❣és✱ ❞♦♥♥és ❛✉① ✜❣✉r❡s ✸✳✷ ❡t ✸✳✸ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡
❞✬❛♣♣r♦❝❤❡ d ❡t ❞✉ r❛♣♣♦rt ❞❡ ♠❛ss❡ mp/mc✳
✸✳✶✳✷✳✸ ❘és✉❧t❛ts
◆♦✉s ❛✈♦♥s ❡①♣❧♦ré ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s ✭mc✱ n0✮ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❞❛♥s q✉❡❧❧❡s ❝♦♥❞✐✲
t✐♦♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡✉t êtr❡ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♣✉r❣é ♣❡♥❞❛♥t s❡s ✶✵✵ ♣r❡♠✐❡rs ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s ❞✬❡①✐st❡♥❝❡✳ ▲❡s rés✉❧t❛ts s♦♥t ❞♦♥♥és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✸✳✹✱ ♣♦✉r q✉❛tr❡ ♠❛ss❡s st❡❧✲
❧❛✐r❡s mc ❡t ♣♦✉r ❧❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s ❞❡ ❞✐sq✉❡ ✿ st❛♥❞❛r❞ à ✹✵✲✶✵✵ ❯❆ ✭✈♦✐r ❧❛ ✜❣✉r❡
✸✳✹✮✱ ❝♦♠♣❛❝t à ✶✵✲✹✵ ❯❆ ✭✈♦✐r ❧❛ ✜❣✉r❡ ✸✳✺✮✳ ◆♦✉s ❛✈♦♥s ❛❞♦♣té ✉♥❡ ❞✐s♣❡rs✐♦♥ ♠♦②❡♥♥❡ ❞❡s
✈✐t❡ss❡s st❡❧❧❛✐r❡s σ = ✺ ❦♠✳s−1 ❞❛♥s ❧✬❛♠❛s ♦✉✈❡rt✱ s✉✐✈❛♥t ❧❡s ♦❜s❡r✈❛t✐♦♥s ❞❡ ▼❛❞s❡♥ ❡t ❛❧✳
✭✷✵✵✷✮ ❡t ❧❡s rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡ Pr♦s③❦♦✇ ❛♥❞ ❆❞❛♠s ✭✷✵✵✾✮✳ ❈♦♥❝❡r♥❛♥t ❧❛ ❞❡♥s✐té
st❡❧❧❛✐r❡ ✐♥✐t✐❛❧❡ n0✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡s ✈❛❧❡✉rs ❛❧❧❛♥t ❞❡ ✶✵✵ à ✸✵ ✵✵✵ ♣❝−3 ❡♥ ♥♦✉s ❜❛s❛♥t
s✉r ❞✐✈❡rs❡s ét✉❞❡s ✿ ❧❛ ♣❧✉♣❛rt ❞❡s ❛♠❛s ♦♥t ❞❡s ❞❡♥s✐tés st❡❧❧❛✐r❡s ❞❡ ❧✬♦r❞r❡ ❞❡ ∼ ✶✵✵ ♣❝−3
✭❈❛r♣❡♥t❡r✱ ✷✵✵✵ ❀ P♦rr❛s ❡t ❛❧✳✱ ✷✵✵✸ ❀ ▲❛❞❛ ❛♥❞ ▲❛❞❛✱ ✷✵✵✸✮✱ ♠❛✐s ❧❛ ❞❡♥s✐té st❡❧❧❛✐r❡ ❞❛♥s
❧✬❛♠❛s ❞❡ ❧❛ ♥é❜✉❧❡✉s❡ ❞✬❖r✐♦♥ ❛tt❡✐♥t ∼ ✷✵ ✵✵✵ ♣❝−3 ✭❍✐❧❧❡♥❜r❛♥❞ ❛♥❞ ❍❛rt♠❛♥♥✱ ✶✾✾✽✮ ❀
❡♥✜♥✱ ❆❞❛♠s ❛♥❞ ▲❛✉❣❤❧✐♥ ✭✷✵✵✶✮ ❛ ♠♦♥tré q✉❡ ❧❡ ❙♦❧❡✐❧ ❛ ❞û ♥❛îtr❡ ❞❛♥s ✉♥ ❛♠❛s ❞❡ ❞❡♥s✐té
st❡❧❧❛✐r❡ ∼ ✸✵✵✵ ♣❝−3✳
❋✐❣✉r❡ ✸✳✹ ✕ Pr♦♣♦rt✐♦♥s ❞❡ ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛♣rès ✶✵✵ ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s ❞❡ r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ❞❛♥s ✉♥ ❛♠❛s ♦✉✈❡rt ❡♥ ❡①♣❛♥s✐♦♥✱ ♣♦✉r ❞✐✛ér❡♥t❡s ♠❛ss❡s
st❡❧❧❛✐r❡s mc ✭❡♥ ♦r❞♦♥♥é❡✮ ❡t ❞❡♥s✐tés st❡❧❧❛✐r❡s ✐♥✐t✐❛❧❡s n0 ❞❡ ❧✬❛♠❛s ✭❡♥ ❛❜s❝✐ss❡✮✳ ▲❡s ❞♦♥♥é❡s s♦♥t
❝❡❧❧❡s ❞✉ t❛❜❧❡❛✉ ✸✳✹✱ ♣♦✉r ✉♥ ❞✐sq✉❡ ❞❡ r❛②♦♥ ✐♥t❡r♥❡ ❡t ❡①t❡r♥❡ ✹✵✲✶✵✵ ❯❆✱ ❡t ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s
❧✐♠✐t❡s s✉♣ér✐❡✉r❡s✳ ▲❛ ❝♦✉❧❡✉r ♥♦✐r❡ r❡♣rés❡♥t❡ ✉♥ ❞✐sq✉❡ t♦t❛❧❡♠❡♥t ♣✉r❣é✱ ❧❛ ❜❧❛♥❝❤❡ ✉♥ ❞✐sq✉❡ ♥♦♥
❛✛❡❝té✳
❈❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉✬✉♥❡ ♣✉r❣❡ s✐❣♥✐✜❝❛t✐✈❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♣❛r ❞❡s r❡♥❝♦♥tr❡s
st❡❧❧❛✐r❡s ♥✬❛❞✈✐❡♥t q✉❡ ♣♦✉r ✉♥ ❞✐sq✉❡ ❞❡ t❛✐❧❧❡ st❛♥❞❛r❞ ✭✹✵✲✶✵✵ ❯❆✮ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ♥é❡
✹✾
❉❡♥s✐té st❡❧❧❛✐r❡
▼❛ss❡ ❞❡ ❧✬ét♦✐❧❡
Pr♦♣♦rt✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts
✐♥✐t✐❛❧❡ ❞❡ ❧✬❛♠❛s
❉✐sq✉❡ ✹✵✲✶✵✵ ❯❆ ❉✐sq✉❡ ✶✵✲✹✵ ❯❆
n0 ✭♣❝−3✮ mc ✭▼⊙✮
✶✵✵
✵✱✷✺ ✶✵✵ ✪ ✶✵✵ ✪
✵✱✺ ✶✵✵ ✪ ✶✵✵ ✪
✶✱✵ ✶✵✵ ✪ ✶✵✵ ✪
✷✱✺ ✶✵✵ ✪ ✶✵✵ ✪
✶✵✵✵
✵✱✷✺ ✶✵✵ ✪ ✶✵✵ ✪
✵✱✺ ✶✵✵ ✪ ✶✵✵ ✪
✶✱✵ ✶✵✵ ✪ ✶✵✵ ✪
✷✱✺ ✶✵✵ ✪ ✶✵✵ ✪
✸✵✵✵
✵✱✷✺ < ✻✺ ✪ ✶✵✵ ✪
✵✱✺ < ✽✸ ✪ ✶✵✵ ✪
✶✱✵ < ✾✺ ✪ ✶✵✵ ✪
✷✱✺ ✶✵✵ ✪ ✶✵✵ ✪
✶✵ ✵✵✵
✵✱✷✺ < ✷✸ ✪ ✶✵✵ ✪
✵✱✺ < ✹✾ ✪ ✶✵✵ ✪
✶✱✵ < ✼✺ ✪ ✶✵✵ ✪
✷✱✺ < ✾✹ ✪ ✶✵✵ ✪
✷✵ ✵✵✵
✵✱✷✺ < ✸ ✪ < ✾✼ ✪
✵✱✺ < ✶✺ ✪ ✶✵✵ ✪
✶✱✵ < ✸✼ ✪ ✶✵✵ ✪
✷✱✺ < ✺✽ ✪ ✶✵✵ ✪
✸✵ ✵✵✵
✵✱✷✺ < ✶ ✪ < ✼✻ ✪
✵✱✺ < ✸ ✪ < ✾✺ ✪
✶✱✵ < ✶✻ ✪ ✶✵✵ ✪
✷✱✺ < ✹✵ ✪ ✶✵✵ ✪
❚❆❇▲❊❆❯ ✸✳✹ ✕ Pr♦♣♦rt✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛♣rès ✶✵✵ ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s ❞❡ r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ❞❛♥s ✉♥ ❛♠❛s ♦✉✈❡rt ❡♥ ❡①♣❛♥s✐♦♥✱ ♣♦✉r ❞✐✛ér❡♥t❡s ♠❛ss❡s
st❡❧❧❛✐r❡s mc ❡t ❞❡♥s✐tés st❡❧❧❛✐r❡s ✐♥✐t✐❛❧❡s n0 ❞❡ ❧✬❛♠❛s✳ ▲❛ ❞✐s♣❡rs✐♦♥ ♠♦②❡♥♥❡ ❞❡s ✈✐t❡ss❡s st❡❧❧❛✐r❡s
σ ❡st ❞❡ ✺ ❦♠✳s−1✳
❞❛♥s ✉♥ ❛♠❛s à ❢♦rt❡ ❞❡♥s✐té st❡❧❧❛✐r❡✱ ❞❡ ❧✬♦r❞r❡ ❞❡ 104 ♣❝−3 ✭✈♦✐r ❧❡s ❝❤✐✛r❡s ❞✉ t❛❜❧❡❛✉ ✸✳✹✱
❛✐♥s✐ q✉❡ ❧❡s ✜❣✉r❡s ✸✳✹ ❡t ✸✳✻✮✳ ❉❛♥s ❝❡s ❛♠❛s✱ ❧❡s ét♦✐❧❡s ❧❡s ♠♦✐♥s ♠❛ss✐✈❡s ♣❡✉✈❡♥t ✈♦✐r
❧❡✉rs ❞✐sq✉❡s ❞❡ ❞é❜r✐s t♦t❛❧❡♠❡♥t ♣✉r❣és✱ ❡t ♠ê♠❡ ❧❡s ❞✐sq✉❡s ❛✉t♦✉r ❞✬ét♦✐❧❡s ♠❛ss✐✈❡s s♦♥t
❛✛❡❝tés✳ ❈❡s rés✉❧t❛ts s♦♥t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❝❡✉① ❞❡ ❙♣✉r③❡♠ ❡t ❛❧✳ ✭✷✵✵✾✮✱ q✉✐ ♠♦♥tr❡ q✉❡ ❞❛♥s
✉♥ ❛♠❛s ❞❡ t②♣❡ ❖r✐♦♥✱ ❞❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣❡✉✈❡♥t ❛rr❛❝❤❡r ❞❡s ♣❧❛♥èt❡s à ❧❡✉r ét♦✐❧❡
s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡ 108 ❛♥s✱ ❧❛✐ss❛♥t ❞❡s ♣❧❛♥èt❡s ✢♦tt❛♥t❡s ❞❛♥s ❧✬❡♥✈✐r♦♥✲
♥❡♠❡♥t ✐♥t❡rst❡❧❧❛✐r❡✳ ❆ ❝♦♥tr❛r✐♦✱ ❞❛♥s ❧❡s ❛♠❛s à ❢❛✐❜❧❡ ❞❡♥s✐té st❡❧❧❛✐r❡✱ ♦ù n0 < ✶✵✵✵ ♣❝−3✱
❧❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ♦♥t ♣❡✉ ❞✬❡✛❡t s✉r ❧❡s ❞✐sq✉❡s✱ ♠ê♠❡ ❝❡✉① s✐t✉és ❛✉t♦✉r ❞❡s
ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡✳ ❉❛♥s ❧❡ t❛❜❧❡❛✉ ✸✳✹✱ ❧❛ ❞❡♥s✐té ✐♥✐t✐❛❧❡ ❝r✐t✐q✉❡✱ ❝❡❧❧❡ ♦ù ❧❡s ❞✐sq✉❡s
❞❡ t❛✐❧❧❡ st❛♥❞❛r❞ ❝♦♠♠❡♥❝❡♥t à ♣❡r❞r❡ ❧❡✉rs ♣❧❛♥étés✐♠❛✉①✱ ❡st ❞❡ n0 = ✸✵✵✵ ♣❝−3✱ ❝❡ q✉✐
❝♦rr❡s♣♦♥❞ à ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❛♥s ❧❡q✉❡❧ ❡st ♥é ❧❡ ❙♦❧❡✐❧✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s ❞✐sq✉❡s ❝♦♠♣❛❝ts
✭✶✵✲✹✵ ❯❆✮ s♦♥t ♣r❡sq✉❡ ✐♥s❡♥s✐❜❧❡s ❛✉① r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ❞❛♥s ❧❡s ❛♠❛s✱ ♠ê♠❡ ❞❡♥s❡s ✭✈♦✐r
❧❛ ✜❣✉r❡ ✸✳✺✮✳ ▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧✬ét❛t ❞✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♦✉ ❞❡
❧❛ sé❣ré❣❛t✐♦♥ ❞❡ ♠❛ss❡ ❞❛♥s ❧❡s ❛♠❛s ♥❡ ❝❤❛♥❣❡♥t ♣❛s q✉❛❧✐t❛t✐✈❡♠❡♥t ❝❡s rés✉❧t❛ts✳
❯♥ ❝❛❧❝✉❧ s✐♠♣❧❡ ✭✈♦✐r ▲❡str❛❞❡ ❡t ❛❧✳✱ ✷✵✶✶✮ ❜❛sé s✉r ❧❡ ❝❛t❛❧♦❣✉❡ ❞❡ ▲❛❞❛ ❛♥❞ ▲❛❞❛ ✭✷✵✵✸✮
✺✵
❋✐❣✉r❡ ✸✳✺ ✕ Pr♦♣♦rt✐♦♥s ❞❡ ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛♣rès ✶✵✵ ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s ❞❡ r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ❞❛♥s ✉♥ ❛♠❛s ♦✉✈❡rt ❡♥ ❡①♣❛♥s✐♦♥✱ ♣♦✉r ❞✐✛ér❡♥t❡s ♠❛ss❡s
st❡❧❧❛✐r❡s mc ✭❡♥ ♦r❞♦♥♥é❡✮ ❡t ❞❡♥s✐tés st❡❧❧❛✐r❡s ✐♥✐t✐❛❧❡s n0 ❞❡ ❧✬❛♠❛s ✭❡♥ ❛❜s❝✐ss❡✮✳ ▲❡s ❞♦♥♥é❡s s♦♥t
❝❡❧❧❡s ❞✉ t❛❜❧❡❛✉ ✸✳✹✱ ♣♦✉r ✉♥ ❞✐sq✉❡ ❞❡ r❛②♦♥ ✐♥t❡r♥❡ ❡t ❡①t❡r♥❡ ✶✵✲✹✵ ❯❆✱ ❡t ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s
❧✐♠✐t❡s s✉♣ér✐❡✉r❡s✳ ▲❛ ❝♦✉❧❡✉r ♥♦✐r❡ r❡♣rés❡♥t❡ ✉♥ ❞✐sq✉❡ t♦t❛❧❡♠❡♥t ♣✉r❣é✱ ❧❛ ❜❧❛♥❝❤❡ ✉♥ ❞✐sq✉❡ ♥♦♥
❛✛❡❝té✳
❋✐❣✉r❡ ✸✳✻ ✕ Pr♦♣♦rt✐♦♥s ❞❡ ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛♣rès ✶✵✵ ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s ❞❡ r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ❞❛♥s ✉♥ ❛♠❛s ♦✉✈❡rt ❡♥ ❡①♣❛♥s✐♦♥✱ ♣♦✉r ❞✐✛ér❡♥t❡s ♠❛ss❡s
st❡❧❧❛✐r❡s mc ❡t ❞❡♥s✐tés st❡❧❧❛✐r❡s ✐♥✐t✐❛❧❡s n0 ❞❡ ❧✬❛♠❛s✳ ▲❡s ♣♦✉r❝❡♥t❛❣❡s s♦♥t ❝❡✉① ❞✉ t❛❜❧❡❛✉ ✸✳✹✱
♣♦✉r ✉♥ ❞✐sq✉❡ ❞❡ r❛②♦♥ ✐♥t❡r♥❡ ❡t ❡①t❡r♥❡ ✹✵✲✶✵✵ ❯❆✱ ❡t ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ❧✐♠✐t❡s s✉♣ér✐❡✉r❡s✳ ▲❡s
q✉❛tr❡s ✐♥t❡r✈❛❧❧❡s ❡♥ ❛❜s❝✐ss❡ ❝♦rr❡s♣♦♥❞❡♥t ❛✉① t②♣❡s s♣❡❝tr❛✉① ▼✽✲▼✺✱ ▼✹✲▼✵✱ ❑●❋ ❡t ❆✳
✺✶
♣❡r♠❡t ❞✬❡st✐♠❡r q✉✬❡♥✈✐r♦♥ ❞❡✉① t✐❡rs ❞❡s ét♦✐❧❡s ❞❡ ❧❛ ❱♦✐❡ ▲❛❝té❡ s♦♥t ♥é❡s ❞❛♥s ❞❡s ❛♠❛s
❞❡ ❢♦rt❡ ❞❡♥s✐té st❡❧❧❛✐r❡✱ s❡♠❜❧❛❜❧❡s à ❝❡❧✉✐ ❞✬❖r✐♦♥✳ ▲❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡ ❝❡s ét♦✐❧❡s
s♦♥t ❞♦♥❝ s✉s❝❡♣t✐❜❧❡s ❞✬❛✈♦✐r été t♦t❛❧❡♠❡♥t ♦✉ ♣❛rt✐❡❧❧❡♠❡♥t ♣✉r❣és ♣❛r ❞❡s r❡♥❝♦♥tr❡s st❡❧✲
❧❛✐r❡s✱ ♣❡♥❞❛♥t ❧❡s ♣r❡♠✐èr❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❡✉r ❡①✐st❡♥❝❡✳
▲❡ t❛❜❧❡❛✉ ✸✳✹ ✭❛✐♥s✐ q✉❡ ❧❛ ✜❣✉r❡ ✸✳✻✮ ♠♦♥tr❡ é❣❛❧❡♠❡♥t q✉❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ♣❧❛♥étés✐✲
♠❛✉① r❡st❛♥t ❞❛♥s ❧❡ ❞✐sq✉❡ ❞é♣❡♥❞ s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ mc✳ ❊♥
❡✛❡t✱ ❧❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s s❡r♦♥t ♣❧✉s ❞❡str✉❝tr✐❝❡s ♣♦✉r ❧❡s ❞✐sq✉❡s ❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ t②♣❡
▼✱ q✉✐ r❡♥❝♦♥tr❡r♦♥t s✉rt♦✉t ❞❡s ét♦✐❧❡s ♣❧✉s ♠❛ss✐✈❡s q✉✬❡❧❧❡s✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡✱ ❧❡s ét♦✐❧❡s
❞❡ t②♣❡ ❆ r❡♥❝♦♥tr❛♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡s ét♦✐❧❡s ♠♦✐♥s ♠❛ss✐✈❡s✱ ❧❡s ❞✐sq✉❡s ❛✉t♦✉r ❞❡ ❝❡s
ét♦✐❧❡s s❡r♦♥t ♠✐❡✉① ♣rés❡r✈és✳ ❯♥ ❞✐sq✉❡ ♣❛rt✐❡❧❧❡♠❡♥t ♣✉r❣é ♣r♦❞✉✐s❛♥t ♠♦✐♥s ❞❡ ♣♦✉ss✐èr❡✱
❧❡s ❞✐sq✉❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼ ♥é❡s ❞❛♥s ✉♥ ❛♠❛s ❞❡♥s❡ s❡r♦♥t ❞♦♥❝ ♣❧✉s ❞✐✣❝✐❧❡s à ❞ét❡❝t❡r
❞❡♣✉✐s ❧❛ ❚❡rr❡✳ ❈❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❜✐❡♥ ❛✉① rés✉❧t❛ts ❛❝t✉❡❧s ❞❡s r❡❧❡✈és ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱
❛✈❡❝ ❞❡s t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❞❡ ✸✷ ✪ ♣♦✉r ❧❡s ét♦✐❧❡s ❆✱ ✶✻ ✪ ♣♦✉r ❧❡s ét♦✐❧❡s ❋●❑ ❡t ≤ ✺ ✪
♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼ ✭✈♦✐r ▲❡str❛❞❡ ❡t ❛❧✳✱ ✷✵✵✾✮✳
▲❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ♣❡✉✈❡♥t ❞♦♥❝ ❛✈♦✐r ✉♥ ✐♠♣❛❝t ❞✐r❡❝t ✐♠♣♦rt❛♥t s✉r ❧❡s ❞✐s✲
q✉❡s ❞❡ ❞é❜r✐s✱ ❛✉ ❞é❜✉t ❞❡ ❧❡✉r ✈✐❡✱ ❧♦rsq✉❡ ❧❡✉r ét♦✐❧❡✲❤ôt❡ ❡st ❡♥❝♦r❡ ❞❛♥s ❧✬❛♠❛s ♦✉✈❡rt q✉✐
❧✬❛ ✈✉❡ ♥❛îtr❡✱ s✐ ❝❡t ❛♠❛s ❡st s✉✣s❛♠♠❡♥t ❞❡♥s❡✳ ❈♦♠♣t❡ t❡♥✉ ❞✉ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞✬ét♦✐❧❡s
♥é❡s ❞❛♥s ❞❡s ❛♠❛s ❞❡ ❢♦rt❡ ❞❡♥s✐té st❡❧❧❛✐r❡✱ ❝❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❡♥tr❡ ét♦✐❧❡s ♣❡✉✈❡♥t êtr❡
✉♥ é❧é♠❡♥t ❞✬❡①♣❧✐❝❛t✐♦♥ ❛✉① ❞✐✛ér❡♥❝❡s ♦❜s❡r✈é❡s ❞✉ t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ s♣❡❝tr❛❧✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t st❡❧❧❛✐r❡ t❡❧ q✉❡ ❝❡❧✉✐ ❞❛♥s
❧❡q✉❡❧ s❡ tr♦✉✈❡ ❛✉❥♦✉r❞✬❤✉✐ ❧❡ ❙♦❧❡✐❧✱ ❧❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ♥✬♦♥t ♣❛s ❞✬❡✛❡ts ❞✐r❡❝ts ♥♦t❛❜❧❡s
s✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳
✸✳✷ ❊✛❡ts ✐♥❞✐r❡❝ts ❞❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s✱ ✈✐❛ ❧❡s ♥✉❛❣❡s ❞❡
❖♦rt✱ s✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ❡♥✈✐s❛❣é ❧❛ ♣♦ss✐❜✐❧✐té q✉✬✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡ ♣✉✐ss❡ ❛✈♦✐r ✉♥ ❡✛❡t ✐♥✲
❞✐r❡❝t s✉r ❧✬♦❜s❡r✈❛❜✐❧✐té ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳ ❉❛♥s ❧❡ ❝❛s ❞✉ ❙②stè♠❡ s♦❧❛✐r❡✱ ♥♦✉s s❛✈♦♥s
q✉❡ ❧❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ♣❡✉✈❡♥t ♣❡rt✉r❜❡r ❧❡ ♥✉❛❣❡ ❞❡ ❖♦rt ❡t ❞✐r✐❣❡r ❞❡s ❝♦♠èt❡s
✈❡rs ❧❛ ③♦♥❡ ♦ù ♦r❜✐t❡♥t ❧❡s ♣❧❛♥èt❡s✳ ◆♦✉s ❛✈♦♥s ét✉❞✐é ❧❛ ❝❛♣❛❝✐té ❞❡ ❝❡s ✓ ♣❧✉✐❡s ❝♦♠ét❛✐r❡s ✔
à ❡♥❣❡♥❞r❡r ❛ss❡③ ❞❡ ❝♦❧❧✐s✐♦♥s ❛✈❡❝ ❧❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣♦✉r ♣r♦❞✉✐r❡ ✉♥❡
q✉❛♥t✐té ❞❡ ♣♦✉ss✐èr❡ ♦❜s❡r✈❛❜❧❡✳
✸✳✷✳✶ ▲❡ ♥✉❛❣❡ ❞❡ ❖♦rt
▲✬❡①✐st❡♥❝❡ ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ❛ été ♣r♦♣♦sé❡ ♣❛r ❖♦rt ❡♥ ✶✾✺✵ ❛✜♥ ❞✬❡①♣❧✐q✉❡r ❧❡s ❝❛r❛❝✲
tér✐st✐q✉❡s ♦r❜✐t❛❧❡s ❞❡s ❝♦♠èt❡s à ❧♦♥❣✉❡ ♣ér✐♦❞❡ ✭❖♦rt✱ ✶✾✺✵✮✳ ❈✬❡st ✉♥ ❞❡s ❞❡✉① rés❡r✈♦✐rs ❞❡
❝♦♠èt❡s ❞✉ ❙②stè♠❡ s♦❧❛✐r❡✱ ❧✬❛✉tr❡ ét❛♥t ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r✳ ❈❡s ❝♦♠èt❡s s♦♥t ♣❧❛❝é❡s s✉r
❞❡s ♦r❜✐t❡s très ❡①❝❡♥tr✐q✉❡s✱ ❞✬✐♥❝❧✐♥❛✐s♦♥s ❛❧é❛t♦✐r❡s✱ ❛✈❡❝ ❞❡s ❞❡♠✐✲❣r❛♥❞s ❛①❡s très ❣r❛♥❞s✱
♣♦✉✈❛♥t ❛tt❡✐♥❞r❡ ✉♥ ❞❡♠✐✲♣❛rs❡❝✳ ❙❛ ♠❛ss❡ t♦t❛❧❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ♠❛ss❡s t❡rr❡str❡s
✭❉♦♥❡s ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▲❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s✱ ❧❡ ❝❤❛♠♣ ❞❡ ♠❛ré❡ ❣❛❧❛❝t✐q✉❡ ❡t ❧❛ ❢r✐❝t✐♦♥
❞✉ ❣❛③ ✐♥t❡rst❡❧❧❛✐r❡ ♣❡rt✉r❜❡♥t ré❣✉❧✐èr❡♠❡♥t ❧❡ ♥✉❛❣❡✱ ♠♦❞✐✜❛♥t ❧❡s ♦r❜✐t❡s ❞❡s ❝♦♠èt❡s q✉✐ ❧❡
❝♦♠♣♦s❡♥t ✭❈♦❧❧✐♥s ❛♥❞ ❙❛r✐✱ ✷✵✶✵✮✳ ❈❡rt❛✐♥❡s ❞❡ ❝❡s ❝♦♠èt❡s ♣❡✉✈❡♥t ❛✐♥s✐ êtr❡ ❞✐r✐❣é❡s ✈❡rs
❧❛ ré❣✐♦♥ ✐♥tér✐❡✉r❡ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡✱ ♦ù ❣r❛✈✐t❡♥t ❧❡s ♣❧❛♥èt❡s✱ ❡t ♥♦✉s ❞❡✈❡♥✐r ✈✐s✐❜❧❡s✳
✺✷
▲❡ ♥✉❛❣❡ ❞❡ ❖♦rt s✬❡st ❢♦r♠é ❛✉ ❞é❜✉t ❞❡ ❧✬❤✐st♦✐r❡ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡✱ à ♣❛rt✐r ❞❡ ♣❧❛♥été✲
s✐♠❛✉① ♥♦♥ ❛❝❝rétés✳ ❍♦r♠✐s ❝❡✉① s✐t✉és ❞❛♥s ❧❛ ❝❡✐♥t✉r❡ ❞✬❛stér♦ï❞❡s ❡t ❞❛♥s ❝❡❧❧❡ ❞❡ ❑✉✐♣❡r✱
❝❡s ♣❧❛♥étés✐♠❛✉①✱ s✉❜✐ss❛♥t ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡s ♣❧❛♥èt❡s ❣é❛♥t❡s✱ ♦♥t été
♣♦✉r ❧❛ ♣❧✉♣❛rt é❥❡❝tés ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ♦✉ ❞étr✉✐ts ♣❛r ❝♦❧❧✐s✐♦♥✳ ❯♥❡ ♣❛rt✐❡ ❞✬❡♥tr❡ ❡✉① ❛
♥é❛♥♠♦✐♥s été ♣rés❡r✈é❡✱ ❡t ❛ ❢♦r♠é ❧❡ ♥✉❛❣❡ ❞❡ ❖♦rt✱ ❡♥ ❞❡✉① ét❛♣❡s✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❛ ✈✉
❧✬é♥❡r❣✐❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡ ❝❡s ♣❧❛♥étés✐♠❛✉① ❛✉❣♠❡♥t❡r ❞✉ ❢❛✐t ❞❡s ♣❡rt✉r❜❛t✐♦♥s ♣❧❛♥ét❛✐r❡s✱
❛✉❣♠❡♥t❛♥t ❞❡ ❝❡ ❢❛✐t ❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ❧❡✉r ♦r❜✐t❡✱ ♣❡♥❞❛♥t q✉❡ ❧❡✉r ♣ér✐❤é❧✐❡ r❡st❛✐t à ♣❡✉
♣rès ❝♦♥st❛♥t✱ ❧❡s r❛♠❡♥❛♥t ré❣✉❧✐èr❡♠❡♥t ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡s ♣❧❛♥èt❡s ❣é❛♥t❡s✳ ❙✐ ❧❡s ♣❧❛♥èt❡s
❛✈❛✐❡♥t été ❧❡s s❡✉❧s ♦❜❥❡ts ♣❡rt✉r❜❛t❡✉rs✱ ❝❡ ♣r♦❝❡ss✉s s❡ s❡r❛✐t ♣♦✉rs✉✐✈✐ ❥✉sq✉✬à ❝❡ q✉❡ ❧❡s
♣❧❛♥étés✐♠❛✉① s♦✐❡♥t é❥❡❝tés ❞❛♥s ❧❡ ♠✐❧✐❡✉ ✐♥t❡rst❡❧❧❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ❧♦rsq✉❡ ❧❡✉r ❞❡♠✐✲❣r❛♥❞
❛①❡ ❞❡✈✐❡♥t ❛ss❡③ ❣r❛♥❞✱ ❧✬✐♥✢✉❡♥❝❡ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡s ét♦✐❧❡s ♣r♦❝❤❡s ❡t ❞✉ ❞✐sq✉❡ ❣❛❧❛❝t✐q✉❡
♣❡r♠❡t ❞❡ ✓ s❛✉✈❡r ✔ ❝❡s ♣❧❛♥étés✐♠❛✉①✱ ❡♥ ❛✉❣♠❡♥t❛♥t ❧❡✉r ♣ér✐❤é❧✐❡ s❛♥s ❜❡❛✉❝♦✉♣ ♠♦❞✐✜❡r
❧❡✉r ❞❡♠✐✲❣r❛♥❞ ❛①❡✳ ❆✐♥s✐ ♣r♦té❣és ❞❡s ♣❡rt✉r❜❛t✐♦♥s ♣❧❛♥ét❛✐r❡s✱ ❧❡s ♣❧❛♥étés✐♠❛✉① ✈♦✐❡♥t
❧❡✉rs ♦r❜✐t❡s st❛❜✐❧✐sé❡s ✭♣♦✉r ♣❧✉s ❞❡ ❞ét❛✐❧s s✉r ❝❡ ♣r♦❝❡ss✉s✱ ✈♦✐r ❉✉♥❝❛♥ ❡t ❛❧✳ ✭✶✾✽✼✮ ❡t
❉♦♥❡s ❡t ❛❧✳ ✭✷✵✵✹✮✮✳
▲❡ ♥✉❛❣❡ ❞❡ ❖♦rt ❡st tr❛❞✐t✐♦♥♥❡❧❧❡♠❡♥t ❞✐✈✐sé ❡♥ ✉♥ ♥✉❛❣❡ ✐♥t❡r♥❡ ✭♣❛r❢♦✐s ❛♣♣❡❧é ♥✉❛❣❡ ❞❡
❍✐❧❧s✮ ❡t ✉♥ ♥✉❛❣❡ ❡①t❡r♥❡✱ ❧❛ ❧✐♠✐t❡ ❡♥tr❡ ❧❡s ❞❡✉① ❝♦rr❡s♣♦♥❞❛♥t à ❞❡s ❞❡♠✐✲❣r❛♥❞s ❛①❡s ❞✬❡♥✲
✈✐r♦♥ ✷✵ ✵✵✵ ❯❆✳ ❍✐❧❧s ✭✶✾✽✶✮ ❛ ♠♦♥tré q✉❡ ❝❡tt❡ ❞✐✈✐s✐♦♥ ❡st ❡♥ ❢❛✐t ✉♥ ❛rt❡❢❛❝t ♦❜s❡r✈❛t✐♦♥♥❡❧✳
❉❛♥s ❧❛ ♣❛rt✐❡ ❡①t❡r♥❡ ❞✉ ♥✉❛❣❡✱ ❧❛ ❢réq✉❡♥❝❡ ❞❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ✭❝✬❡st✲à✲❞✐r❡ ❛ss❡③
♣r♦❝❤❡s ♣♦✉r ♣❡rt✉r❜❡r ❧❡s ♦r❜✐t❡s ❝♦♠ét❛✐r❡s✮ ❡st ❣r❛♥❞❡ ♣❛r r❛♣♣♦rt ❛✉① ❢réq✉❡♥❝❡s ♦r❜✐t❛❧❡s
❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❡t ❧❡s ❡✛❡ts ❞❡s ♠❛ré❡s ❣❛❧❛❝t✐q✉❡s ② s♦♥t ❧❡s ♣❧✉s ❢♦rts✱ ❝❡ q✉✐ ❛ss✉r❡ ✉♥
✢✉① ❞❡ ❝♦♠èt❡s ❛ss❡③ ❝♦♥st❛♥t ✈❡rs ❧❡ ❙②stè♠❡ s♦❧❛✐r❡ ✐♥t❡r♥❡✳ ❉❛♥s ❧❛ ♣❛rt✐❡ ✐♥t❡r♥❡ ❞✉ ♥✉✲
❛❣❡✱ ✐❧ ❢❛✉t ✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡ très ♣r♦❝❤❡ ✭❞♦♥❝ ♣❧✉s r❛r❡✮ ♣♦✉r ♣❡rt✉r❜❡r s✐❣♥✐✜❝❛t✐✈❡♠❡♥t
❧❡s ❝♦♠èt❡s ❡t ❡♥ ❡♥✈♦②❡r ✈❡rs ❧❡ ❙②stè♠❡ s♦❧❛✐r❡ ✐♥t❡r♥❡✳ ❈✬❡st ❝❡ q✉✬♦♥ ❛♣♣❡❧❧❡ ✉♥❡ ✓ ♣❧✉✐❡
❝♦♠ét❛✐r❡ ✔ ✭❝♦♠❡t s❤♦✇❡r✮✳ ❉✉ ❢❛✐t ❞❡ ❧❡✉r r❡❧❛t✐✈❡♠❡♥t ❝♦✉rt❡ ♣ér✐♦❞❡ ❞❡ ré✈♦❧✉t✐♦♥ ❛✉t♦✉r
❞✉ ❙♦❧❡✐❧✱ ❝❡s ❝♦♠èt❡s r❡✈✐❡♥❞r♦♥t ❢réq✉❡♠♠❡♥t ❞❛♥s ❧❡ ❙②stè♠❡ s♦❧❛✐r❡ ✐♥t❡r♥❡✱ ❡t s❡r♦♥t ♣r♦✲
❣r❡ss✐✈❡♠❡♥t ❞étr✉✐t❡s ✭♣❛r é❥❡❝t✐♦♥ ♦✉ ❝♦❧❧✐s✐♦♥✮ ✭❨❛❜✉s❤✐t❛✱ ✶✾✼✾✮✳ ❉✉ ❢❛✐t ❞❡ ❧❛ ♣❧✉s ❢♦rt❡
❞❡♥s✐té ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ✐♥t❡r♥❡ ✭❉✉♥❝❛♥ ❡t ❛❧✳✱ ✶✾✽✼✮✱ ❧❡ ✢✉① ❝♦♠ét❛✐r❡ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡
✓ ♣❧✉✐❡ ❝♦♠ét❛✐r❡ ✔ ❡st ♣❧✉s ✐♠♣♦rt❛♥t q✉❡ ❧❡ ✢✉① ❝♦♥st❛♥t ✐ss✉ ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ❡①t❡r♥❡✳ ▲❡
♥✉❛❣❡ ❞❡ ❖♦rt ✐♥t❡r♥❡ ❡♥✈♦✐❡ ❞♦♥❝✱ r❛r❡♠❡♥t✱ ❞❡s ♣❧✉✐❡s ❝♦♠ét❛✐r❡s ✐♥t❡♥s❡s ✈❡rs ❧❡ ❙②stè♠❡ s♦✲
❧❛✐r❡ ✐♥t❡r♥❡✱ t❛♥❞✐s q✉❡ ❧❡ ♥✉❛❣❡ ❡①t❡r♥❡ ❡♥✈♦✐❡ ❞❡ ❢❛ç♦♥ ❝♦♥t✐♥✉❡ ✉♥ ✢✉① ♣❧✉s ❢❛✐❜❧❡ ❞❡ ❝♦♠èt❡s✳
✸✳✷✳✷ ➱q✉✐✈❛❧❡♥ts ❡①tr❛s♦❧❛✐r❡s ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt
▲✬✉♥✐✈❡rs❛❧✐té ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡✱ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ♣❧❛♥èt❡s ❡t ❞❡ ❞✐s✲
q✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞✬❛✉tr❡s ét♦✐❧❡s q✉❡ ❧❡ ❙♦❧❡✐❧ ❧❛✐ss❡ ♣❡♥s❡r q✉❡ ❧❛ ♣rés❡♥❝❡ ❞✬éq✉✐✈❛❧❡♥ts ❞✉
♥✉❛❣❡ ❞❡ ❖♦rt ❛✉t♦✉r ❞❡ ❝❡s ét♦✐❧❡s ❡st ♣♦ss✐❜❧❡ ✭❇♦♥s♦r ❛♥❞ ❲②❛tt✱ ✷✵✶✷✮✳ ❈❡s ✓ ❡①♦✲♥✉❛❣❡s ❞❡
❖♦rt ✔ ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t ❡♥✈♦②❡r ❞❡s ♣❧✉✐❡s ❝♦♠ét❛✐r❡s ✈❡rs ❧❡✉rs ét♦✐❧❡s✲❤ôt❡s✳ ❙✐ ❝❡❧❧❡s✲❝✐
❛❜r✐t❡♥t é❣❛❧❡♠❡♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ❞❡s ❝♦❧❧✐s✐♦♥s ♣♦✉rr❛✐❡♥t s❡ ♣r♦❞✉✐r❡ ❡♥tr❡ ❧❡s ♣❧❛♥été✲
s✐♠❛✉① ❞✉ ❞✐sq✉❡ ❡t ❧❡s ❝♦♠èt❡s ❞✉ ♥✉❛❣❡✳ ◆♦✉s ❛✈♦♥s ét✉❞✐é ❝❡s ✓ ❡①♦✲♥✉❛❣❡s ❞❡ ❖♦rt ✔ ❛✜♥
❞❡ ❞ét❡r♠✐♥❡r s✬✐❧s ♣♦✉✈❛✐❡♥t ❝♦♥t❡♥✐r s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♣❧✉s ❞❡ ❝♦♠èt❡s q✉❡ ❝❡❧✉✐ q✉✐ ❡♥t♦✉r❡
❧❡ ❙♦❧❡✐❧✱ ❡t ❡♥s✉✐t❡ s✐ ❝❡s ♥✉❛❣❡s ♣♦✉✈❛✐❡♥t ❣é♥ér❡r ❞❡s ♣❧✉✐❡s ❝♦♠ét❛✐r❡s s✉✣s❛♠♠❡♥t ✐♥t❡♥s❡s
♣♦✉r ❛✉❣♠❡♥t❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞✬✉♥ ❞✐sq✉❡ ❡t ❞♦♥❝ s♦♥ ♦❜s❡r✈❛❜✐❧✐té ❞❡♣✉✐s ❧❛ ❚❡rr❡✳
❚♦✉t ❞✬❛❜♦r❞✱ ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ♣♦✉r t❡st❡r ❧❡ ♠é❝❛♥✐s♠❡
❞❡ ✓ s♦✉❧è✈❡♠❡♥t ✔ ❞❡s ♣❧❛♥étés✐♠❛✉① ♠❡♥❛♥t à ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt✱ ❝♦♠♠❡ ♥♦✉s
❧✬❛✈♦♥s ❞é❝r✐t ♣❧✉s ❤❛✉t✳ ❯♥❡ ♣r❡♠✐èr❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s ❛ ❝♦♥s✐sté à ♣❧❛❝❡r ✉♥❡ ♣❧❛♥èt❡ ❛✉
✺✸
♠✐❧✐❡✉ ❞✬✉♥ ❞✐sq✉❡ ❛✜♥ ❞✬❡♥ ❡①❝✐t❡r ❧❡s ♣❧❛♥étés✐♠❛✉①✱ s✉✐t❡ à ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s✱ ❡t ❞✬❡♥
❛♠❡♥❡r ❝❡rt❛✐♥s à ❞❡ ❣r❛♥❞❡s ❡①❝❡♥tr✐❝✐tés✱ ❞❛♥s ❧❡ ❜✉t ❞❡ s✐♠✉❧❡r✱ ❞❡ ♠❛♥✐èr❡ s✐♠♣❧✐✜é❡✱ ❧❛
♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt✳ P✉✐s ♥♦✉s ❛✈♦♥s s✐♠✉❧é ✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡
♣r♦❝❤❡ ❡♥ ♠✐❧✐❡✉ ❞❡ s✐♠✉❧❛t✐♦♥ ❀ ♣♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ❛✈♦♥s ❛❥♦✉té à ❧❛ ✈✐t❡ss❡ ❞❡ ❝❤❛q✉❡ ♣❧❛♥é✲
tés✐♠❛❧ ✉♥❡ ✈✐t❡ss❡ ∆v ❞✉❡ à ❧❛ ♣❡rt✉r❜❛t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✳ ❈❡tt❡ ✈✐t❡ss❡
❛❞❞✐t✐♦♥♥❡❧❧❡ s✬é❝r✐t ✭❍✐❧❧s✱ ✶✾✽✶✮✱ ❞❛♥s ❧❡ ré❢ér❡♥t✐❡❧ ❛②❛♥t ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ♣♦✉r ♦r✐❣✐♥❡ ✿
∆v =
2Gmp
vp
(
1
dc
− 1
d∗
)
✭✸✳✹✮
♦ù mp ❡t vp s♦♥t ❧❛ ♠❛ss❡ ❡t ❧❛ ✈✐t❡ss❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✱ d∗ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡
❡♥tr❡ ❧❡s ❞❡✉① ét♦✐❧❡s ❡t dc ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❡♥tr❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡t ❧❡ ♣❧❛♥é✲
tés✐♠❛❧✳ ▲♦rsq✉❡ dc❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ♠✐❧❧✐❡rs ❞✬❯❆✱ ❝❡s s✐♠✉❧❛t✐♦♥s ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡
❝♦♥st❛t❡r q✉❡ ❧❛ ♣❡rt✉r❜❛t✐♦♥ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ♣❡r♠❡tt❛✐t ❡✛❡❝t✐✈❡♠❡♥t ❞❡ st❛❜✐❧✐s❡r ❧✬♦r❜✐t❡
❞❡ q✉❡❧q✉❡s ♣❧❛♥étés✐♠❛✉① ♦r❜✐t❛♥t ❧♦✐♥ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ ❡♥ ❛✉❣♠❡♥t❛♥t ❧❡✉r ❛♣♦❛str❡ ❡t ❡♥
❧❡s ♣rés❡r✈❛♥t ❛✐♥s✐ ❞❡s ♣❡rt✉r❜❛t✐♦♥s ❞✉❡s à ❧❛ ♣❧❛♥èt❡✳
❯♥❡ ❛✉tr❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s✲t❡sts ❛ ❝♦♥s✐sté à s✐♠✉❧❡r ✉♥ ♥✉❛❣❡ ❞❡ ❖♦rt ❡♥ ♣❧❛ç❛♥t ❧❡s
♣❧❛♥étés✐♠❛✉① s✉r ❞❡s ♦r❜✐t❡s ❡①❝❡♥tr✐q✉❡s ❡t ❛❧é❛t♦✐r❡♠❡♥t ✐♥❝❧✐♥é❡s✱ ❛✈❡❝ ❞❡ très ❣r❛♥❞s ❞❡♠✐✲
❣r❛♥❞s ❛①❡s ✭❡♥tr❡ ✶ ✵✵✵ ❡t ✶✺ ✵✵✵ ❯❆✮✳ ▲♦rsq✉❡ ❧❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ♣❧❛❝és s✉r
❞❡s ♦r❜✐t❡s ❧❡s ❛♠❡♥❛♥t à q✉❡❧q✉❡s ✉♥✐tés ❛str♦♥♦♠✐q✉❡s ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ✭e > ✵✱✾✾✻✮✱ ♥♦✉s
❛✈♦♥s ♣✉ ❝♦♥st❛t❡r q✉❡ ❧❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ♣❡r♠❡tt❛✐❡♥t ❞✬❛✉❣♠❡♥t❡r ❧❡ ♣ér✐❛str❡ ❞✬✉♥❡ ♣❛r✲
t✐❡ ❞✬❡♥tr❡ ❡✉① ✭❥✉sq✉✬à ✉♥ ❢❛❝t❡✉r ❝❡♥t✮✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ❞❡✉①✐è♠❡ ét❛♣❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥
❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ✭✈♦✐r ✜❣✉r❡ ✸✳✼✮✳ ❆ ❝♦♥tr❛r✐♦✱ ❧♦rsq✉❡ ❧❡ ♣ér✐❛str❡ ✐♥✐t✐❛❧ ❞❡s ♣❧❛♥étés✐♠❛✉①
❡st ❞❡ ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞✬✉♥✐tés ❛str♦♥♦♠✐q✉❡s ✭e < ✵✱✺✮✱ ❧❡ ♣❛ss❛❣❡ st❡❧❧❛✐r❡ ♣❛r✈✐❡♥t ❜✐❡♥
à ❢❛✐r❡ ❞✐♠✐♥✉❡r ❧❡ ♣ér✐❛str❡ ❞✬✉♥❡ ♣❡t✐t❡ ♣❛rt✐❡ ❞✬❡♥tr❡ ❡✉①✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉ s❝é♥❛r✐♦ ❞❡s
♣❧✉✐❡s ❝♦♠ét❛✐r❡s✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ♣✉✱ ❣râ❝❡ ❛✉① s✐♠✉❧❛t✐♦♥s✱ ❝♦♥st❛t❡r q✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡
❢♦r♠❛t✐♦♥ ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt✱ ❛✐♥s✐ q✉❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡s ♣❧✉✐❡s ❝♦♠ét❛✐r❡s✱ ét❛✐❡♥t ❣é♥ér❛❧✐s❛✲
❜❧❡s à ❞✬❛✉tr❡s s②stè♠❡s st❡❧❧❛✐r❡s✳
◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ❝❤❡r❝❤é à ❞ét❡r♠✐♥❡r s✐ ✉♥ s②stè♠❡ st❡❧❧❛✐r❡ ❞♦♥t ❧✬ét♦✐❧❡ ♦✉ ❧❡s ♣❧❛♥èt❡s
❛✉r❛✐❡♥t ❞❡s ♠❛ss❡s ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ♣♦✉✈❛✐t ❣é♥ér❡r ✉♥ ♥✉❛❣❡ ❞❡ ❖♦rt
♣❧✉s ♠❛ss✐❢✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ✐♠♣❧✐q✉❡ q✉❡ ❞❡s ♣❧❛♥étés✐✲
♠❛✉① s♦✐❡♥t ♣❧❛❝és s✉r ❞❡s ♦r❜✐t❡s ❡①❝❡♥tr✐q✉❡s à ❣r❛♥❞s ❞❡♠✐✲❣r❛♥❞s ❛①❡s ❞✉ ❢❛✐t ❞❡s ♣❡rt✉r❜❛✲
t✐♦♥s ♣❧❛♥ét❛✐r❡s✳ ❈❡❧❛ ♣❛ss❡ ♣❛r ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ❡t ♣❧❛♥èt❡s✱ ❞♦♥t
❧✬❡✣❝❛❝✐té ❞é♣❡♥❞ ❞❡s ♠❛ss❡s ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❞❡ ❧✬ét♦✐❧❡✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❧❛♥❝é ♣❧✉s✐❡✉rs s✐♠✉✲
❧❛t✐♦♥s✱ ❡♥ ❢❛✐s❛♥t ♦r❜✐t❡r ✉♥❡ ♣❧❛♥èt❡ ❛✉ s❡✐♥ ❞✬✉♥ ❞✐sq✉❡✱ ❛✜♥ ❞❡ ♠❛①✐♠✐s❡r ❧❡s ♣r♦❜❛❜✐❧✐tés ❞❡
r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❛✈❡❝ ❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❡t ❞✬❡♥ ❡♥✈♦②❡r ✉♥❡ ♣❛rt✐❡ ✈❡rs ❧❡ ♥✉❛❣❡ ❞❡ ❖♦rt✳
❈❡ ♥✬❡st ❝❡rt❡s ♣❛s r❡♣rés❡♥t❛t✐❢ ❞❡ ❧❛ ❞✐✈❡rs✐té ❞❡s s②stè♠❡s ♣❧❛♥ét❛✐r❡s ♣♦ss✐❜❧❡s✱ ♠❛✐s ❝❡❧❛
♣❡r♠❡t ❞❡ ♥♦✉s ❝♦♥❝❡♥tr❡r s✉r ❧✬❡✛❡t ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❡♥tr❡ ♣❧❛♥èt❡s ❡t ♣❧❛♥étés✐♠❛✉①✱
❡t ❞❡ ❝♦♠♣❛r❡r ❧✬❡✛❡t ❞❡s ♠❛ss❡s ♣❧❛♥ét❛✐r❡s ❡t st❡❧❧❛✐r❡s s✉r ❝❡s r❡♥❝♦♥tr❡s✳
◆♦✉s ❛✈♦♥s t❡sté tr♦✐s ♠❛ss❡s st❡❧❧❛✐r❡s ✭✉♥❡ ét♦✐❧❡ ❆ ❞❡ ✷✱✺ ▼⊙ ❀ ✉♥❡ ét♦✐❧❡ ● ❞❡ ✶ ▼⊙ ❀
✉♥❡ ét♦✐❧❡ ▼ ❞❡ ✵✱✷✺ ▼⊙✮ ❡t tr♦✐s ♠❛ss❡s ♣❧❛♥ét❛✐r❡s ✭✉♥❡ ❏✉♣✐t❡r ❞❡ ✸✶✼ ▼⊕ ❀ ✉♥❡ ◆❡♣t✉♥❡ ❞❡
✶✼ ▼⊕ ❀ ✉♥❡ s✉♣❡r❚❡rr❡ ❞❡ ✹ ▼⊕✮✳ ▲❛ ♣❧❛♥èt❡ ❛ ✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ✺✱✷ ❯❆ ❡t ✉♥❡ ❡①❝❡♥tr✐❝✐té
❞❡ ✵✱✺✳ ❊❧❧❡ ♦r❜✐t❡ ❛✉ s❡✐♥ ❞✉ ❞✐sq✉❡✱ q✉✐ s✬ét❡♥❞ ❞❡ ✸ à ✾ ❯❆ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❀ ❝❡s ❝❤✐✛r❡s ♦♥t
été ❝❤♦✐s✐s ❛✜♥ ❞❡ ♣❡r♠❡ttr❡ à t♦✉s ❧❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❞❡ s✬❛♣♣r♦❝❤❡r ❞❡ ❧❛ ♣❧❛♥èt❡✳
▲❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ♦♥t ✉♥❡ ❡①❝❡♥tr✐❝✐té ❡t ✉♥❡ ✐♥❝❧✐♥❛✐s♦♥ ✐♥✐t✐❛❧❡s r❡s♣❡❝t✐✈❡♠❡♥t
❝♦♠♣r✐s❡s ❡♥tr❡ ✵ ❡t ✵✱✸ ❡t ❡♥tr❡ 0✝❡t 1✝✳ ▲❛ ❞✉ré❡ ♣❤②s✐q✉❡ ❞❡s s✐♠✉❧❛t✐♦♥s ❡st ❞❡ ✶ ♠✐❧❧✐♦♥
❞✬❛♥♥é❡s✳
✺✹
✭❛✮ ❆✈❛♥t ❧❡ ♣❛ss❛❣❡ ✭❜✮ ❆♣rès ❧❡ ♣❛ss❛❣❡
❋✐❣✉r❡ ✸✳✼ ✕ ❉✐❛❣r❛♠♠❡ ♣ér✐❛str❡✲❞❡♠✐✲❣r❛♥❞ ❛①❡ ✐❧❧✉str❛♥t ❧❛ s❡❝♦♥❞❡ ét❛♣❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉
♥✉❛❣❡ ❞❡ ❖♦rt✳ P❡rt✉r❜és ♣❛r ❞❡s ♣❧❛♥èt❡s✱ ❧❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ✐♥✐t✐❛❧❡♠❡♥t s✉r ❞❡s ♦r❜✐t❡s très
❡①❝❡♥tr✐q✉❡s ❡t ❛❧é❛t♦✐r❡♠❡♥t ✐♥❝❧✐♥é❡s✱ ❛✈❡❝ ❞❡s ♣ér✐❛str❡s ❛❧❧❛♥t ❞❡ ✶ à ✻✵ ❯❆✱ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡
❞❡ ♠❛ss❡ s♦❧❛✐r❡✳ ❯♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡✱ ❞✬✉♥❡ ét♦✐❧❡ é❣❛❧❡♠❡♥t ❞❡ ♠❛ss❡ s♦❧❛✐r❡✱ ♣❡r♠❡t ❞✬❛✉❣♠❡♥t❡r
❧❡ ♣ér✐❛str❡ ❞❡ q✉❡❧q✉❡s ♣❧❛♥étés✐♠❛✉① ❡t ❧❡s ♣rés❡r✈❡ ❞♦♥❝ ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rt✉r❜❛t✐♦♥s ♣❧❛♥ét❛✐r❡s✳ ▲❛
❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❡♥tr❡ ❧❡s ❞❡✉① ét♦✐❧❡s✱ ❡♥ ♠✐❧✐❡✉ ❞❡ s✐♠✉❧❛t✐♦♥ ✭t = ✶✻ ✵✵✵ ❛♥s✮✱ ❡st ❞❡ ✺ ✵✵✵ ❯❆✳
▲❡s ♣♦✐♥ts ❜❧❡✉s r❡♣rés❡♥t❡♥t ❧❡s ♣❧❛♥étés✐♠❛✉① é❥❡❝tés ❞✉ s②stè♠❡✳
▲❛ ❞❡✉①✐è♠❡ ét❛♣❡ ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ❝♦♥s✐st❡ ❡♥ ❧❛ st❛❜✐❧✐s❛t✐♦♥ ❞❡s ♦r❜✐t❡s
❞❡s ♣❧❛♥étés✐♠❛✉① ♣❛r ❞❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s✳ P❧✉tôt q✉❡ ❞❡ s✐♠✉❧❡r ❛❧é❛t♦✐r❡♠❡♥t ❝❡s
♣❛ss❛❣❡s✱ ♥♦✉s ❛✈♦♥s ♣ré❢éré ❝♦♠♣t❛❜✐❧✐s❡r ❧❡s ♣❧❛♥étés✐♠❛✉① q✉✐ ✓ ♣❛ss❡♥t ✔ ♣❛r ❧❡ ♥✉❛❣❡ ❞❡
❖♦rt✱ ❝✬❡st✲à✲❞✐r❡ q✉✐ ❛tt❡✐❣♥❡♥t ❞❡s ❞✐st❛♥❝❡s ❝♦♠♣❛r❛❜❧❡s à ❝❡❧❧❡s q✉✐ sé♣❛r❡♥t ❧❡s ét♦✐❧❡s✳ ❯♥❡
♣❛rt✐❡ ❞❡ ❝❡s ♣❧❛♥étés✐♠❛✉① ❡st st❛❜✐❧✐sé❡ ♣❛r ❧❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s
rés✉❧t❛ts ❞❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ♣❡r♠❡t ❞♦♥❝ ❞✬é✈❛❧✉❡r ❧❛ t❛✐❧❧❡ ✜♥❛❧❡ ❞❡s ♥✉❛❣❡s ❞❡ ❖♦rt
❧❡s ✉♥s ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s✱ ❡♥ ♣❛rt❛♥t ❞✉ ♣r✐♥❝✐♣❡ q✉❡ ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts st❡❧❧❛✐r❡s s♦♥t
❝♦♠♣❛r❛❜❧❡s✳ ❈❡s s✐♠✉❧❛t✐♦♥s ♥✬♦♥t ❞♦♥❝ ❞✬✐♥térêt q✉❡ ❞❛♥s ✉♥ ❝❛❞r❡ ❝♦♠♣❛r❛t✐❢✱ ❝❡ q✉✐ ❡st ✐❝✐
s✉✣s❛♥t✱ ♠❛✐s ♥❡ ❞♦♥♥❡ ♣❛s ❞❡ ✈❛❧❡✉r ❛❜s♦❧✉❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉① ❝♦♥s❡r✈és✳
◆♦✉s ❛✈♦♥s ❝♦♥s✐❞éré q✉✬✉♥ ♣❧❛♥étés✐♠❛❧ ❢❛✐s❛✐t ♣❛rt✐❡ ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ❧♦rsq✉❡ s♦♥ ❛♣♦❛str❡
❡st s✉♣ér✐❡✉r à ✷✵✵✵ ❯❆✳ ▲❡s rés✉❧t❛ts s♦♥t ♣rés❡♥tés ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✸✳✺✳
❈❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ♣❧✉s ❧❛ ♣❧❛♥èt❡ ❡st ♠❛ss✐✈❡ ❡t ♠♦✐♥s ❧✬ét♦✐❧❡ ❧✬❡st✱ ♣❧✉s ❧❡s ♣❧❛♥é✲
tés✐♠❛✉① s❡r♦♥t s✉s❝❡♣t✐❜❧❡s ❞✬êtr❡ r❡❥❡tés ✈❡rs ❧❡ ♥✉❛❣❡ ❞❡ ❖♦rt✳ ▼❛✐s ❡❧❧❡ ♠♦♥tr❡ ❛✉ss✐ q✉❡ ❧❛
❝♦♥✜❣✉r❛t✐♦♥ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ✭❏✉♣✐t❡r ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ●✮ ❡st très ❡✣❝❛❝❡ ♣♦✉r ❢♦r♠❡r
✉♥ ♥✉❛❣❡ ❞❡ ❖♦rt ❀ ❡♥ ❡✛❡t✱ ❞❛♥s ❝❡ ❝❛s✱ ✹✷ ✪ s♦♥t ♣❛ssés ♣❛r ❧❡ ♥✉❛❣❡✳ ❙❡✉❧❡ ✉♥❡ ♣❧❛♥èt❡
❞✬✉♥❡ ♠❛ss❡ ❥♦✈✐❡♥♥❡ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ▼ ❢❛✐t ♠✐❡✉① ✭✹✾ ✪✮✱ ♠❛✐s ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❡st
❧❡ ♠ê♠❡✳ ❉❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t st❡❧❧❛✐r❡ ❝♦♠♣❛r❛❜❧❡✱ ❧❡s ♥✉❛❣❡s ❞❡ ❖♦rt ✜♥❛❧❡♠❡♥t ❝réés
❝♦♠♣t❡r♦♥t ✉♥ ♥♦♠❜r❡ éq✉✐✈❛❧❡♥t ❞❡ ❝♦♠èt❡s✳ ❈ré❡r ✉♥ ♥✉❛❣❡ ❞❡ ❖♦rt ❞✬❛✉ ♠♦✐♥s ✉♥ ♦r❞r❡
✺✺
➱t♦✐❧❡ ❆ ➱t♦✐❧❡ ● ➱t♦✐❧❡ ▼
❏✉♣✐t❡r
❖♦rt ✜♥❛❧ ✿ ✸✱✺ ✪ ❖♦rt ✜♥❛❧ ✿ ✸✱✽ ✪ ❖♦rt ✜♥❛❧ ✿ ✶✱✽ ✪
❖♦rt ❝✉♠✉❧é ✿ ✷✽ ✪ ❖♦rt ❝✉♠✉❧é ✿ ✹✷ ✪ ❖♦rt ❝✉♠✉❧é ✿ ✹✾ ✪
➱❥❡❝tés ✿ ✺✻ ✪ ➱❥❡❝tés ✿ ✼✾ ✪ ➱❥❡❝tés ✿ ✾✻ ✪
◆❡♣t✉♥❡
❖♦rt ✜♥❛❧ ✿ ✵ ✪ ❖♦rt ✜♥❛❧ ✿ ✵✱✵✻ ✪ ❖♦rt ✜♥❛❧ ✿ ✵✱✼ ✪
❖♦rt ❝✉♠✉❧é ✿ ✵✱✶✻ ✪ ❖♦rt ❝✉♠✉❧é ✿ ✵✱✺✷ ✪ ❖♦rt ❝✉♠✉❧é ✿ ✼✱✷ ✪
➱❥❡❝tés ✿ ✷✱✹ ✪ ➱❥❡❝tés ✿ ✸✱✺ ✪ ➱❥❡❝tés ✿ ✶✵✱✹ ✪
s✉♣❡r❚❡rr❡
❖♦rt ✜♥❛❧ ✿ ✵ ✪
❖♦rt ❝✉♠✉❧é ✿ ✵✱✵✷ ✪
➱❥❡❝tés ✿ ✶✱✸ ✪
❚❆❇▲❊❆❯ ✸✳✺ ✕ ❋♦r♠❛t✐♦♥ ❞❡ ♥✉❛❣❡s ❞❡ ❖♦rt✱ s✉✐t❡ à ❧❛ ♣❡rt✉r❜❛t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❛r ✉♥❡
♣❧❛♥èt❡✳ ▲❡s ♠❛ss❡s st❡❧❧❛✐r❡s s♦♥t ✿ ❆ ❂ ✷✱✺ ▼⊙✱ ● ❂ ✶ ▼⊙✱ ▼ ❂ ✵✱✷✺ ▼⊙✳ ▲❡s ♠❛ss❡s ♣❧❛♥ét❛✐r❡s
s♦♥t ✿ ❏✉♣✐t❡r ❂ ✸✶✼ ▼⊕✱ ◆❡♣t✉♥❡ ❂ ✶✼ ▼⊕✱ s✉♣❡r❚❡rr❡ ❂ ✹ ▼⊕✳ ✓ ❖♦rt ✜♥❛❧ ✔ ✐♥❞✐q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡
♣❧❛♥étés✐♠❛✉① s✐t✉és ❞❛♥s ❧❡ ♥✉❛❣❡ ❞❡ ❖♦rt ✭❛♣♦❛str❡ > ✷✵✵✵ ❯❆✮ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭106 ❛♥s✮✳
✓ ❖♦rt ❝✉♠✉❧é ✔ ✐♥❞✐q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❧❛♥étés✐♠❛✉① ét❛♥t ♣❛ssés ♣❛r ❧❡ ♥✉❛❣❡ ❞❡ ❖♦rt à ✉♥ ♠♦♠❡♥t
♦✉ à ✉♥ ❛✉tr❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❡t ❞♦♥❝ ❛②❛♥t ❡✉ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬② êtr❡ st❛❜✐❧✐sé ♣❛r ✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡
♣r♦❝❤❡✳ ✓ ➱❥❡❝tés ✔ ✐♥❞✐q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❧❛♥étés✐♠❛✉① é❥❡❝tés ❞✉ s②stè♠❡ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳
❞❡ ❣r❛♥❞❡✉r ♣❧✉s ♠❛ss✐❢ q✉❡ ❝❡❧✉✐ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ❡♥ ❝❤❛♥❣❡❛♥t ❧❡s ♣❛r❛♠ètr❡s ❞✉ ❙②stè♠❡
st❡❧❧❛✐r❡ ✐♥t❡r♥❡ ♥❡ s❡♠❜❧❡ ❞♦♥❝ ♣❛s ♣♦ss✐❜❧❡✳
✸✳✷✳✸ P❧✉✐❡s ❝♦♠ét❛✐r❡s ❡t ❞✐sq✉❡s ❞❡ ❞é❜r✐s
◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ❡st✐♠é ❧✬❡✛❡t ❞✬✉♥❡ ♣❧✉✐❡ ❝♦♠ét❛✐r❡ ♣r♦✈❡♥❛♥t ❞✬✉♥ ♥✉❛❣❡ ❞❡ ❖♦rt s✉r
❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ◆♦✉s ❛✈♦♥s ❡✛❡❝t✉é ✉♥ ❝❛❧❝✉❧ s✐♠♣❧❡✱ ♥❡
❞♦♥♥❛♥t q✉✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞❡ ❧❛ ♣♦✉ss✐èr❡ ♣r♦❞✉✐t❡ ♣❛r ✉♥❡ ♣❧✉✐❡ ❝♦♠ét❛✐r❡✳ ◆♦✉s ❛✈♦♥s
❞é❧✐❜éré♠❡♥t ❝❤♦✐s✐ ❞❡s ❤②♣♦t❤ès❡ ❢❛✈♦r❛❜❧❡s✱ ❛✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ ❡st✐♠❛t✐♦♥ ❤❛✉t❡ ❞❡ ❝❡tt❡ ♣r♦✲
❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✳
▲❡ ♥♦♠❜r❡ n ❞❡ ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❧❡s ❝♦♠èt❡s ✐ss✉❡s ❞✬✉♥❡ ♣❧✉✐❡ ❝♦♠ét❛✐r❡ ❡t ❧❡s ♣❧❛♥étés✐♠❛✉①
❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ♣❡♥❞❛♥t ❧❛ ❞✉ré❡ ❞❡ ✈✐❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡✱ ♣❡✉t s✬❡st✐♠❡r ❞❡ ❧❛ ❢❛ç♦♥
s✉✐✈❛♥t❡ ✿
n = P Npl I td =
Spl
Sdisk
I td ✭✸✳✺✮
♦ù P ❡st ❧❛ ♣r♦❜❛❜✐❧✐té ❞✬✉♥ ✐♠♣❛❝t ❡♥tr❡ ✉♥❡ ❝♦♠èt❡ ❡t ✉♥ ♣❧❛♥étés✐♠❛❧✱ Npl ❧❡ ♥♦♠❜r❡ ❞❡
♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ Spl ❧❛ s♦♠♠❡ t♦t❛❧❡ ❞❡s s❡❝t✐♦♥s ❞❡ ❝❡s ♣❧❛♥étés✐♠❛✉①✱ Sdisk ❧❛ s✉r✲
❢❛❝❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ I ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ♣❧✉✐❡ ❝♦♠ét❛✐r❡✱ ❝✬❡st✲à✲❞✐r❡ ❧❡ ♥♦♠❜r❡ ❛♥♥✉❡❧ ❞❡
❝♦♠èt❡ ❛rr✐✈❛♥t ❞✉ ♥✉❛❣❡ ✈❡rs ❧❡ ❞✐sq✉❡✱ ❡t td ❧❛ ❞✉ré❡ ❞❡ ✈✐❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡✳ ▲❡ r❛♣♣♦rt
Spl
Sdisk
♣❡✉t s❡ ❧✐r❡ ❝♦♠♠❡ ❧✬éq✉✐✈❛❧❡♥t ❞✬✉♥❡ s❡❝t✐♦♥ ❡✣❝❛❝❡✱ ❞♦♥♥❛♥t ❧❛ ♣r♦❜❛❜✐❧✐té✱ ♣♦✉r ✉♥❡ ❝♦♠èt❡✱
❞✬❡♥tr❡r ❡♥ ❝♦❧❧✐s✐♦♥ ❛✈❡❝ ✉♥ ♣❧❛♥étés✐♠❛❧ q✉❡❧❝♦♥q✉❡ ❞✉ ❞✐sq✉❡✳
P♦✉r ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ ♣❧✉✐❡ ❝♦♠ét❛✐r❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ré❢éré à ❍✐❧❧s ✭✶✾✽✶✮✳ ■❧ ❡st✐♠❡
❞❡ ❧✬♦r❞r❡ ❞❡ 104 ❧❡ ♥♦♠❜r❡ ❛♥♥✉❡❧ ❞❡ ❝♦♠èt❡ ♣é♥étr❛♥t ❞❛♥s ❧❛ ré❣✐♦♥ ✐♥t❡r♥❡ ❞✉ ❙②stè♠❡
s♦❧❛✐r❡✱ ❛✈❡❝ ✉♥ ♣ér✐❤é❧✐❡ q ✐♥❢ér✐❡✉r à ✷ ❯❆✱ ♣❡♥❞❛♥t ✉♥❡ ♣❧✉✐❡ ❝♦♠ét❛✐r❡✳ ❈❡tt❡ ✐♥t❡♥s✐té I ❡st
❞✐r❡❝t❡♠❡♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ♣ér✐❤é❧✐❡ q ✭✈♦✐r ❍✐❧❧s✱ ✶✾✽✶✮✳ ▲❡ ♥♦♠❜r❡ ❞❡ ❝♦♠èt❡ ♣❛ss❛♥t à
tr❛✈❡rs ✉♥ ❞✐sq✉❡ ❞✬✉♥ r❛②♦♥ ❡①t❡r♥❡ ❞❡ ✶✵✵ ❯❆ ♣❡♥❞❛♥t ✉♥❡ ♣❧✉✐❡ ❝♦♠ét❛✐r❡ ♣r♦✈❡♥❛♥t ❞✬✉♥
♥✉❛❣❡ ❞❡ ❖♦rt ❛♥❛❧♦❣✉❡ à ❝❡❧✉✐ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ❡st ❞♦♥❝ ❞❡ ❧✬♦r❞r❡ ❞❡ 5× 105 ♣❛r ❛♥✳
✺✻
▲❛ s✉r❢❛❝❡ ❞✉ ❞✐sq✉❡ s✬é❝r✐t s✐♠♣❧❡♠❡♥t ❝♦♠♠❡
Sdisk = πr
2
ext ✭✸✳✻✮
♦ù rext ❡st ❧❡ r❛②♦♥ ❡①t❡r♥❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ✭s❛ ❧✐♠✐t❡ ✐♥t❡r♥❡ ♥✬❡st ♣❛s ✐❝✐ ♣r✐s❡ ❡♥ ❝♦♠♣t❡✮✳
P♦✉r ❡st✐♠❡r ❧❛ s✉r❢❛❝❡ t♦t❛❧❡ ❞❡s s❡❝t✐♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ♥♦✉s ❛✈♦♥s ❢❛✐t
❧✬❤②♣♦t❤ès❡ q✉❡ ❧❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ s♦♥t ❞❛♥s ✉♥ ét❛t ❞❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ à
❧✬éq✉✐❧✐❜r❡ ✭❉♦❤♥❛♥②✐✱ ✶✾✻✾✮✳ ❆✈❡❝ ❝❡tt❡ ❤②♣♦t❤ès❡✱ ❧❡ ♥♦♠❜r❡ dN ❞❡ ♣❧❛♥étés✐♠❛✉① ❞♦♥t ❧❡
r❛②♦♥ ♠♦②❡♥ ❡st ❝♦♠♣r✐s ❡♥tr❡ a ❡t a+ da s✬é❝r✐t ✿
dN = N0a
−7/2da ✭✸✳✼✮
♦ù N0 ❡st ✉♥ ❢❛❝t❡✉r ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥✳ ▲❡✉r s❡❝t✐♦♥ dS ❡t ❧❡✉r ♠❛ss❡ dM s✬é❝r✐✈❡♥t ❞♦♥❝ ✿
dS = πa2dN = πN0a
−3/2da ✭✸✳✽✮
dM =
4
3
πa3ρdN =
4
3
πρN0a
−1/2da ✭✸✳✾✮
♦ù ρ ❡st ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉①✳
❖♥ ♣❡✉t ❞♦♥❝ r❡❧✐❡r N0 à ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞✉ ❞✐sq✉❡ Mdisk ✿
Mdisk ∼= 8
3
πρN0
√
amax ✭✸✳✶✵✮
♦ù amax ❡st ❧❛ t❛✐❧❧❡ ♠❛①✐♠❛❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✳ ❖♥ ♣❡✉t ❡♥s✉✐t❡ ❡♥ ❞é❞✉✐r❡ ❧❛
s✉r❢❛❝❡ t♦t❛❧❡ Spl ❞❡s Npl ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ✿
Spl =
2πN0√
amin
=
3Mdisk
4ρ
√
aminamax
✭✸✳✶✶✮
Npl ∼= 2
5
N0a
−5/2
min =
3Mdiska
−5/2
min
20πρ
√
amax
✭✸✳✶✷✮
♦ù amin ❡st ❧❛ t❛✐❧❧❡ ♠✐♥✐♠❛❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞♦♥t ❧❛ ❝♦❧❧✐s✐♦♥ ❛✈❡❝ ✉♥❡ ❝♦♠èt❡ ♣❡✉t êtr❡
❞❡str✉❝tr✐❝❡ ✭❡t ❞♦♥❝ ♣r♦❞✉❝tr✐❝❡ ❞❡ ♣♦✉ss✐èr❡✮✳
▲❡ ♥♦♠❜r❡ n ❞❡ ❝♦❧❧✐s✐♦♥s ❞❛♥s ❧❡ ❞✐sq✉❡ ♣❡♥❞❛♥t ❧❛ ❞✉ré❡ ❞❡ ✈✐❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡ s✬é❝r✐t
❞♦♥❝ ✿
n =
3Mdisk
4ρ
√
aminamax
I td
πr2ext
✭✸✳✶✸✮
❊♥ ♣r❡♥❛♥t Mdisk = ✸✺ ▼⊕✱ ρ = ✶✵✵✵ ❦❣✳♠−3✱ amin = ✶✵✵ ♠✱ amax = ✶✵✵ ❦♠✱ rext = ✶✵✵ ❯❆✱
I = 106 ❝♦♠èt❡s ♣❛r ❛♥ ❡t td = ✷✺ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ✭é❝❤❡❧❧❡ ❞❡ t❡♠♣s ♣♦✉r q✉✬✉♥ ❣r❛✐♥ ❞❡
♣♦✉ss✐èr❡ ❞❡ ✶✵ µ♠✱ ❞❡ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ✶ ❣✳❝♠−3 à ✻✵ ❯❆ ❞✬✉♥❡ ét♦✐❧❡ ❞❡ t②♣❡ s♦❧❛✐r❡ s♦✐t
❡✈❛❝✉é ❞✉ ❞✐sq✉❡ ♣❛r ❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✮✱ ♦♥ ♦❜t✐❡♥t n = 1,76× 106✳
❊♥ ❝♦♥s✐❞ér❛♥t q✉❡ ❝❡s ❝♦❧❧✐s✐♦♥s s♦♥t ✐♥té❣r❛❧❡♠❡♥t ❞❡str✉❝tr✐❝❡s✱ ❡t q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡ ❞❡s rés✐❞✉s ❞❡ ❝❡s ❝♦❧❧✐s✐♦♥s ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ à ❧✬éq✉✐❧✐❜r❡✱ ♦♥ ♣❡✉t
r❡♣r❡♥❞r❡ ❧❡s éq✉❛t✐♦♥s ✸✳✼ ❡t ✸✳✾ ♣♦✉r ❞é❝r✐r❡ ❝❡s rés✐❞✉s ❞❡ ❝♦❧❧✐s✐♦♥s ✿
dN ′ = Nda
−7/2da ✭✸✳✶✹✮
✺✼
dM ′ =
4
3
πρNda
−1/2da ✭✸✳✶✺✮
♦ù dN ′ ❡t dM ′ r❡♣rés❡♥t❡♥t ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ ♥♦♠❜r❡ ❡t ❡♥ ♠❛ss❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t ❣r❛✐♥s
✐ss✉s ❞❡s ❝♦❧❧✐s✐♦♥s ❞✉❡s à ❧❛ ♣❧✉✐❡ ❝♦♠ét❛✐r❡✳ Nd ❡st ✐❝✐ ✉♥ ♥♦✉✈❡❛✉ ❢❛❝t❡✉r ❞❡ ♥♦r♠❛❧✐s❛t✐♦♥✳
▲❛ ♠❛ss❡ t♦t❛❧❡ Mrc ❞❡s rés✐❞✉s ❞❡ ❝❡s ❝♦❧❧✐s✐♦♥s✱ ❡♥ s✉♣♣♦s❛♥t q✉❡ ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡
❡st ❧❛ ♠ê♠❡ ♣♦✉r ❧❡s ♣❧❛♥étés✐♠❛✉① ❡t ❧❡s ❝♦♠èt❡s✱ ❡t q✉❡ ❝❡s ❞❡r♥✐èr❡s ♦♥t ✉♥ r❛②♦♥ ✉♥✐q✉❡
rc✱ s❡ ❞é❞✉✐t ❞❡ ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t ❝♦♠èt❡s ✐♠♣❧✐q✉és ❞❛♥s ❧❡s ❝♦❧❧✐s✐♦♥s
✭r❡s♣❡❝t✐✈❡♠❡♥t Mrc,pl ❡t Mrc,c✮✱ ❛✐♥s✐ q✉❡ ❞❡ ❧✬éq✉❛t✐♦♥ ✸✳✶✺ ✿
Mrc = Mrc,pl +Mrc,c =
8
3
πρNd
√
rc ✭✸✳✶✻✮
❛✈❡❝
Mrc,c = n
4
3
πρr3c ✭✸✳✶✼✮
Mrc,pl = Mdisk
n
Npl
= n
20π
3
ρ
√
amaxa
5/2
min ✭✸✳✶✽✮
❖♥ ♣❡✉t ❞♦♥❝ ❡♥ ❞é❞✉✐r❡ q✉❡
Nd = n
5
√
amaxa
5/2
min + r
3
c
2
√
rc
✭✸✳✶✾✮
❉ès ❧♦rs✱ ❧❛ ♠❛ss❡ t♦t❛❧❡ Mdust ❞❡ ♣♦✉ss✐èr❡ ✐ss✉❡ ❞❡s ❝♦❧❧✐s✐♦♥s ❞✉❡s à ❧❛ ♣❧✉✐❡ ❝♦♠ét❛✐r❡
s✬é❝r✐t ✿
Mdust =
∫ dmax
dmin
4
3
πρNda
−1/2da =
8
3
πρNd
√
dmax ✭✸✳✷✵✮
♦ù dmin ❡t dmax s♦♥t ❧❡s t❛✐❧❧❡s ♠✐♥✐♠❛❧❡ ❡t ♠❛①✐♠❛❧❡ ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡s ♦❜s❡r✈❛❜❧❡s✳
❊♥ ♣r❡♥❛♥t ρ = ✶✵✵✵ ❦❣✳♠−3✱ rc = ✶ ❦♠ ❡t dmax = ✶✵ ❝♠✱ ♦♥ ♦❜t✐❡♥t ✉♥❡ ♠❛ss❡ t♦t❛❧❡ ❞❡
♣♦✉ss✐èr❡ ❞❡ 8,5× 1016 ❦❣✱ s♦✐t 1,2× 10−6 ♠❛ss❡ ❧✉♥❛✐r❡✳ ❯♥❡ t❡❧❧❡ ♠❛ss❡ ❞❡ ♣♦✉ss✐èr❡ ❡st ❜✐❡♥
tr♦♣ ❢❛✐❜❧❡ ♣♦✉r êtr❡ ❞ét❡❝t❛❜❧❡ ❞❡♣✉✐s ❧❛ ❚❡rr❡✱ ❡❧❧❡ ❡st ❡♥ ♦✉tr❡ ♣❧✉s✐❡✉rs ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r
❡♥ ❞❡ss♦✉s ❞❡ ❧❛ ♣♦✉ss✐èr❡ q✉✬✉♥ ❞✐sq✉❡ ❞✬✉♥❡ ♠❛ss❡ t♦t❛❧❡ ❞❡ ✸✺ ▼⊕ ♣r♦❞✉✐t ❞✉ s❡✉❧ ❢❛✐t ❞❡s
❝♦❧❧✐s✐♦♥s ❡♥tr❡ s❡s ♣r♦♣r❡s ♣❧❛♥étés✐♠❛✉①✳
◆♦✉s ❛✈♦♥s ✈✉ q✉❡ ❧❡s ♥✉❛❣❡s ❞❡ ❖♦rt ❛✉t♦✉r ❞✬❛✉tr❡s ét♦✐❧❡s q✉❡ ❧❡ ❙♦❧❡✐❧✱ s✬✐❧s ❡①✐st❡♥t✱ ♥❡
s♦♥t ♣r♦❜❛❜❧❡♠❡♥t ♣❛s s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♣❧✉s ♠❛ss✐❢s q✉❡ ❝❡❧✉✐ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡✳ ❊♥ ♦✉tr❡✱
♠ê♠❡ ❡♥ ❡♥✈✐s❛❣❡❛♥t ❞❡s ❤②♣♦t❤ès❡s ❢❛✈♦r❛❜❧❡s✱ ✉♥❡ ♣❧✉✐❡ ❝♦♠ét❛✐r❡ ✐ss✉❡ ❞✬✉♥ ✓ ❡①♦✲♥✉❛❣❡ ❞❡
❖♦rt ✔ ♥❡ s❡♠❜❧❡ ♣❛s ♣♦✉✈♦✐r ❛✉❣♠❡♥t❡r ❞❡ ❢❛ç♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s
✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ◆♦✉s ♣♦✉✈♦♥s ✜♥❛❧❡♠❡♥t ❝♦♥❝❧✉r❡ q✉❡ ❧❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s✱ ❞❛♥s
✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ❞✉ t②♣❡ ❞✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡✱ ♥❡ ♣❡✉✈❡♥t ♣❛s ♣❡rt✉r❜❡r ❞❡ ❢❛ç♦♥ ♥♦t❛❜❧❡ ✉♥
❞✐sq✉❡ ❞❡ ❞é❜r✐s✳
✺✽
❈❤❛♣✐tr❡ ✹
■♥t❡r❛❝t✐♦♥s ❞✐sq✉❡✲ét♦✐❧❡ ✿ s②stè♠❡s
❜✐♥❛✐r❡s
❯♥❡ ét✉❞❡ ♠❡♥é❡ ♣❛r ❘♦❞r✐❣✉❡③ ❛♥❞ ❩✉❝❦❡r♠❛♥ ✭✷✵✶✷✮ ❛ ♠♦♥tré q✉✬❡♥✈✐r♦♥ ✉♥ q✉❛rt ❞❡s
s②stè♠❡s st❡❧❧❛✐r❡s ❛❜r✐t❛♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ét❛✐❡♥t ❞❡s s②stè♠❡s ❜✐♥❛✐r❡s✱ ♦✉ ♠✉❧t✐♣❧❡s✱
❛❧♦rs q✉✬❡♥✈✐r♦♥ ❧❛ ♠♦✐t✐é ❞❡s s②stè♠❡s st❡❧❧❛✐r❡s s♦♥t ♠✉❧t✐♣❧❡s✳ ■❧s ♦♥t é❣❛❧❡♠❡♥t ❝♦♥st❛té
q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❞✐st❛♥❝❡s ❞❡ sé♣❛r❛t✐♦♥ ❡♥tr❡ ❧❡s ét♦✐❧❡s ❞❡s s②stè♠❡s ♠✉❧t✐♣❧❡s ❛❜r✐t❛♥t
❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞ét❡❝tés ❡st ❞✐✛ér❡♥t❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❣é♥ér❛❧❡ ❞❡ ❝❡s ❞✐st❛♥❝❡s ét❛❜❧✐❡
♣❛r ❉✉q✉❡♥♥♦② ❛♥❞ ▼❛②♦r ✭✶✾✾✶✮ ✿ ❧❡s s②stè♠❡s ❜✐♥❛✐r❡s ❞♦♥t ❧❛ ❞✐st❛♥❝❡ ❞❡ sé♣❛r❛t✐♦♥ ❡st
❞❡ ❧✬♦r❞r❡ ❞❡ ✶ à ✶✵✵ ❯❆ ♦♥t r❡❧❛t✐✈❡♠❡♥t ♠♦✐♥s ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳ ▲❡s s✐t✉❛t✐♦♥s ❧❡s ♣❧✉s
❝♦♠♠✉♥❡s s❡♠❜❧❡♥t ❞♦♥❝ êtr❡ ❞❡s ❞✐sq✉❡s ❝✐r❝✉♠❜✐♥❛✐r❡s ❞❛♥s ❧❡ ❝❛s ❞❡s ❜✐♥❛✐r❡s s❡rré❡s✱ ♦✉
❞❡s ❞✐sq✉❡s ❝✐r❝✉♠st❡❧❧❛✐r❡s ❞❛♥s ❧❡ ❝❛s ❞❡ ❜✐♥❛✐r❡s très sé♣❛ré❡s ✭❚r✐❧❧✐♥❣ ❡t ❛❧✳✱ ✷✵✵✼ ❀ ❑❡♥♥❡❞②
❡t ❛❧✳✱ ✷✵✶✷✮✳ ❉❛♥s ❧❡s ❝❛s ✐♥t❡r♠é❞✐❛✐r❡s✱ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s❡♠❜❧❡♥t ❡✣❝❛❝❡♠❡♥t ♣✉r❣és✳
✹✳✶ ❉✐sq✉❡ ❞❡ ❞é❜r✐s ❡t s②stè♠❡ ❜✐♥❛✐r❡ ❝♦♣❧❛♥❛✐r❡s
◆♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssé ❛✉ ❝❛s ❞✬✉♥ ❞✐sq✉❡ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡✱ ❞❛♥s ✉♥ s②stè♠❡ ❜✐✲
♥❛✐r❡ à ❧♦♥❣✉❡ ♣ér✐♦❞❡ ❀ ♥♦✉s ❛✈♦♥s ✈♦✉❧✉ s❛✈♦✐r q✉❡❧s s♦♥t ❧❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ♣❡r♠❡tt❛♥t à
✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ ♦r❜✐t❛♥t à ❧✬❡①tér✐❡✉r ❞✉ ❞✐sq✉❡ ❞❡ ❧✬❡①❝✐t❡r ❞②♥❛♠✐q✉❡♠❡♥t ♦✉ ❞❡ ❧❡
♣✉r❣❡r✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❡st ❞❛♥s ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✱ ♥♦✉s
❛✈♦♥s ♠❡♥é ❞❡✉① sér✐❡s ❞❡ s✐♠✉❧❛t✐♦♥s ❛✜♥ ❞❡ t❡st❡r ♣❧✉s✐❡✉rs ❞❡♠✐✲❣r❛♥❞s ❛①❡s ❡t ❡①❝❡♥tr✐❝✐✲
tés✱ ❝♦rr❡s♣♦♥❞❛♥t à ❞❡s ♣ér✐❛str❡s ❛❧❧❛♥t ❞❡ ✷✵✵ à ✼ ✵✵✵ ❯❆✱ ♣♦✉r ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞♦♥t ❧❡
r❛②♦♥ ❡①tér✐❡✉r ❡st ❞❡ ✶✵✵ ❯❆✳
▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣ér✐♦❞❡s ♦r❜✐t❛❧❡s ❞❡s ét♦✐❧❡s ❜✐♥❛✐r❡s ♦❜t❡♥✉❡ ♣❛r ❉✉q✉❡♥♥♦② ❛♥❞
▼❛②♦r ✭✶✾✾✶✮ ❡st ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ q✉✐ s✬ét❡♥❞✱ ♣♦✉r ❧❡s ❜✐♥❛✐r❡s à ❧♦♥❣✉❡ ♣ér✐♦❞❡✱
❥✉sq✉✬à ∼ 1010 ❥♦✉rs✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❞❡s ❞❡♠✐✲❣r❛♥❞s ❛①❡s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐❡rs
❞✬❯❆✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés ♦r❜✐t❛❧❡s q✉✬✐❧s ♦♥t tr♦✉✈é ♣♦✉r ❧❡s ét♦✐❧❡s ❜✐♥❛✐r❡s à
❧♦♥❣✉❡ ♣ér✐♦❞❡ ✭> ✶✵✵✵ ❥♦✉rs✮ ❡st ❞❡ f(e) = 2e✱ ❝❡ q✉✐ s✐❣♥✐✜❡ q✉❡ ❞❡s ❡①❝❡♥tr✐❝✐tés é❧❡✈é❡s
s♦♥t ❝♦✉r❛♥t❡s ♣❛r♠✐ ❝❡s s②stè♠❡s ❜✐♥❛✐r❡s✱ ❝❡ q✉✐ ♣❡✉t ❛♠❡♥❡r à ❞❡s ♣ér✐❛str❡s r❡❧❛t✐✈❡♠❡♥t
♣❡t✐ts✳
◆♦✉s ❛✈♦♥s ♠❡♥é ✉♥❡ ♣r❡♠✐èr❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s ❛✜♥ ❞❡ t❡st❡r ❧❡ ❝❛s ♦ù ❧✬ét♦✐❧❡ ❝♦♠✲
♣❛❣♥♦♥ ♥✬❛✉r❛✐t ❞✬❡✛❡t s✉r ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s q✉✬❛✉ ♠♦♠❡♥t ❞❡ s♦♥ ♣ér✐❛str❡✳ P♦✉r ❝❡❧❛✱ ♥♦✉s
❛✈♦♥s ✜①é ❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❛✉t♦✉r ❞❡ ❧❛ ♣r❡♠✐èr❡ à ✶✵ ✵✵✵ ❯❆
✺✾
✭s♦✐t ✉♥❡ ♣ér✐♦❞❡ ❞✬❡♥✈✐r♦♥ 2,6×108 ❥♦✉rs✮✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ sé♣❛r❛t✐♦♥ ♦❜s❡r✈é❡ ❞❛♥s ❧❡s
s②stè♠❡s ❜✐♥❛✐r❡s ❧❡s ♠♦✐♥s s❡rrés ✭❉✉q✉❡♥♥♦② ❛♥❞ ▼❛②♦r✱ ✶✾✾✶✮✳ ◆♦✉s ❛✈♦♥s t❡sté ♣❧✉s✐❡✉rs
❡①❝❡♥tr✐❝✐tés ♦r❜✐t❛❧❡s e∗ ♣♦✉r ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱ ❞❡ ✵✱✸ à ✵✱✾✺✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ❞❡s ♣ér✐✲
❛str❡s ❛❧❧❛♥t ❞❡ ✺✵✵ ❯❆ à ✼ ✵✵✵ ❯❆✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t t❡sté ♣❧✉s✐❡✉rs ♠❛ss❡s st❡❧❧❛✐r❡s✳
▲❡s r❛②♦♥s ✐♥t❡r♥❡s ❡t ❡①t❡r♥❡s ✐♥✐t✐❛✉① ❞✉ ❞✐sq✉❡ s♦♥t ✜①és à ✹✵ ❡t ✶✵✵ ❯❆✳ ▲✬é♣❛✐ss❡✉r
❞✉ ❞✐sq✉❡ ❡st ❞❡ ✶ ❯❆ s✉r s♦♥ ❜♦r❞ ✐♥t❡r♥❡ ❡t ❞❡ ✷✱✽ ❯❆ s✉r s♦♥ ❜♦r❞ ❡①t❡r♥❡✱ ❝❡ q✉✐ ❝♦rr❡s✲
♣♦♥❞ à ✉♥ ❛♥❣❧❡ ❞✬♦✉✈❡rt✉r❡ ❞❡ 2✝✳ ▲❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ♣❧❛❝és s✉r ❞❡s ♦r❜✐t❡s
❝✐r❝✉❧❛✐r❡s✳ ▲❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡ ❞✉ ❞✐sq✉❡ ❞é❝r♦ît ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ r à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❝♦♠♠❡
r−1✳ ▲❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞❡ ❧❛ s❡❝♦♥❞❡ ét♦✐❧❡ ❡st ❝♦♥❢♦♥❞✉ ❛✈❡❝ ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❀ s♦♥ ♠♦✉✲
✈❡♠❡♥t ❡st ♣r♦❣r❛❞❡ ♣❛r r❛♣♣♦rt à ❝❡❧✉✐ ❞❡s ♣❧❛♥étés✐♠❛✉①✳ ▲❡ ❞✐sq✉❡ ❡st ❝♦♥st✐t✉é ❞❡ ✷✵ ✵✵✵
♣❧❛♥étés✐♠❛✉① ❀ ❧❛ ❞✉ré❡ ♣❤②s✐q✉❡ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ ❡st ❞❡ ✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱ s♦✐t ✼✵✱✼
♣ér✐♦❞❡s ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✳ ▲❡ ♣❛s ❞❡ t❡♠♣s ❡st ❞✬✉♥❡ ❞❡♠✐✲❛♥♥é❡✳
t m∗ e∗
q∗ 〈epl〉 σepl✭▼②r✮ ✭▼⊙✮ ✭❯❆✮
✶✵
✶ ✵✱✸ ✼ ✵✵✵ 10−4 5,7× 10−5
✶ ✵✱✻✺ ✸ ✺✵✵ 6,8× 10−4 3,9× 10−4
✺✵
✶ ✵✱✽✷✺ ✶ ✼✺✵ ✵✱✵✶✾ ✵✱✵✶✵
✶ ✵✱✾ ✶ ✵✵✵ ✵✱✵✻✷ ✵✱✵✷✽
✶
✵✱✾✷✺ ✼✺✵
✵✱✵✽✹ ✵✱✵✷✸
✵✱✺ ✵✱✵✼✵ ✵✱✵✸✻
✵✱✷✺ ✵✱✵✸✾ ✵✱✵✷✷
✵✱✶ ✵✱✵✶✻ 9,1× 10−3
✶
✵✱✾✺ ✺✵✵
✵✱✵✾✺ ✵✱✵✸✾
✵✱✺ ✵✱✶✸ ✵✱✵✸✾
✵✱✷✺ ✵✱✵✾✾ ✵✱✵✺✶
✵✱✶ ✵✱✵✹✸ ✵✱✵✷✺
❚❆❇▲❊❆❯ ✹✳✶ ✕ ▼♦②❡♥♥❡s ❡t é❝❛rts✲t②♣❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① epl ❞✬✉♥ ❞✐sq✉❡ ❛✉
s❡✐♥ ❞✬✉♥ s②stè♠❡ ❜✐♥❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té e∗ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱ à ❧❛ ✜♥
❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✱ ❞♦♥t ❧❛ ❞✉ré❡ ♣❤②s✐q✉❡ t ❡st ❞♦♥♥é❡ ❞❛♥s ❧❡ t❛❜❧❡❛✉✳ ▲❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ a∗ ❞❡
❧✬ét♦✐❧❡✲❝♦♠♣❛❣♥♦♥ ❡st ❞❡ ✶✵ ✵✵✵ ❯❆ ♣♦✉r ❝❤❛❝✉♥❡ ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s✳ ▲❛ ♠❛ss❡ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡
❡st ❞✬✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✱ ❝❡❧❧❡ m∗ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❡st ❞♦♥♥é❡ ❞❛♥s ❧❡ t❛❜❧❡❛✉✳ ▲❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉
❞✐sq✉❡ ❡t ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ s♦♥t ❝♦♥❢♦♥❞✉s✳
▲❡s ♠♦②❡♥♥❡s ❡t é❝❛rts✲t②♣❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ♦r❜✐t❛❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉① à ❧✬✐ss✉❡ ❞❡s s✐✲
♠✉❧❛t✐♦♥s s♦♥t ❞♦♥♥é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✹✳✶✳ ▲❡s ✐♥❝❧✐♥❛✐s♦♥s ♦r❜✐t❛❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ♥❡
s♦♥t ♣❛s ❛✛❡❝té❡s✱ ❡t ❛✉❝✉♥ ♣❧❛♥étés✐♠❛❧ ♥✬❡st é❥❡❝té ❞✉ ❞✐sq✉❡ ❞✉r❛♥t ❝❡tt❡ ♣r❡♠✐èr❡ sér✐❡
❞❡ s✐♠✉❧❛t✐♦♥s✳ ❆✉✲❞❡❧à ❞❡ ✶✼✺✵ ❯❆✱ ❛✉❝✉♥❡ str✉❝t✉r❡ ♥✬❛♣♣❛r❛ît ❞❛♥s ❧❡ ❞✐sq✉❡ ♣❡♥❞❛♥t ❧❛
❞✉ré❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ❊♥ ❞❡çà✱ ✉♥ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ❛
❧✐❡✉✱ ❝❡ q✉✐ s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ❛s②♠étr✐❡ ❞✉ ❞✐sq✉❡✱ q✉✐ ♥✬❡st ♣❧✉s ❝❡♥tré s✉r ❧✬ét♦✐❧❡✳ ▲♦rsq✉❡ ❧❡
♣ér✐❛str❡ ❡st ❞❡ ✶✵✵✵ ❯❆✱ ❧❡ ❝❡♥tr❡ ❣é♦♠étr✐q✉❡ ❛♣♣❛r❡♥t ❞✉ ❞✐sq✉❡ ❡st s✐t✉é à ✶✵ ❯❆ ❞❡ ❧✬ét♦✐❧❡
❝❡♥tr❛❧❡✳ ▲✬❡①❝❡♥tr✐❝✐té ♠❛①✐♠❛❧❡ ❛tt❡✐♥t❡ ♣❛r ❧❡s ♣❧❛♥étés✐♠❛✉① s✉r ❧❡ ❜♦r❞ ❡①t❡r♥❡ ❞✉ ❞✐sq✉❡
✭✶✵✵ ❯❆✮ ❡st ❞❡ ✵✱✵✹ ❧♦rsq✉❡ ❧❡ ♣ér✐❛str❡ ❡st ❞❡ ✶✼✺✵ ❯❆✱ ❞❡ ✵✱✶✶ ❧♦rsq✉❡ ❧❡ ♣ér✐❛str❡ ❡st ❞❡
✶✵✵✵ ❯❆✱ ❞❡ ✵✱✶✸ ❧♦rsq✉❡ ❧❡ ♣ér✐❛str❡ ❡st ❞❡ ✼✺✵ ❯❆ ❡t ❞❡ ✵✱✷ ❧♦rsq✉❡ ❧❡ ♣ér✐❛str❡ ❡st ❞❡ ✺✵✵ ❯❆✳
❉❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱ ❧✬❛s②♠étr✐❡ ❞✉ ❞✐sq✉❡ ❛♣♣❛r❛ît ♣❧✉s r❛♣✐❞❡♠❡♥t✱ ❞ès ❧❡s ♣r❡♠✐❡rs ♠✐❧✲
❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❛ ❢réq✉❡♥❝❡ ❞✉ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉①
✻✵
✈❛r✐❛♥t ❛✈❡❝ ❧❡✉rs ❞❡♠✐✲❣r❛♥❞s ❛①❡s✱ ✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ❛ss❡③ ✜♥❡ s❡ ❢♦r♠❡ ❞❛♥s ❧❡ ❞✐sq✉❡✱
très ✈✐s✐❜❧❡ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭✈♦✐r ✜❣✉r❡ ✹✳✶✮✳
❋✐❣✉r❡ ✹✳✶ ✕ P♦s✐t✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ét♦✐❧❡ ❞✬✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡
❞❡ ✶✵ ✵✵✵ ❯❆ ❡t ❞✬✉♥ ♣ér✐❛str❡ ❞❡ ✺✵✵ ❯❆✱ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭5 × 107 ❛♥s✮✳ ▲❡s ❞❡✉① ét♦✐❧❡s
♦♥t ✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✳ ▲❡ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❞û à ❧✬✐♥✢✉❡♥❝❡
❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ❞❡ ❧✬ét♦✐❧❡✱ ❢❛✐t ❛♣♣❛r❛îtr❡ ✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ❞❛♥s ❧❡ ❞✐sq✉❡✱ ❛✈❡❝ ❞❡s s✉r❞❡♥s✐tés
❧♦❝❛❧❡s ♣r♦♣✐❝❡s à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✳
❉❡s s✐♠✉❧❛t✐♦♥s ❧❛♥❝é❡s ❛✈❡❝ ❞❡s ♠❛ss❡s ♣❧✉s ❢❛✐❜❧❡s ♣♦✉r ❧❛ s❡❝♦♥❞❡ ét♦✐❧❡ ✭✵✱✺ ▼⊙✱ ✵✱✷✺ ▼⊙
❡t ✵✱✶ ▼⊙✮✱ ♣♦✉r ❞❡s ♣ér✐❛str❡s ❞❡ ✼✺✵ ❡t ✺✵✵ ❯❆✱ ♥♦✉s ♦♥t ♣❡r♠✐s ❞✬é✈❛❧✉❡r ❧✬❡✛❡t ❞❡ ❧❛ ♠❛ss❡
❞✉ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡✳ ▲❡s ♠ê♠❡s ❡✛❡ts ❞✬❛s②♠étr✐❡ ❛♣♣❛r❛✐ss❡♥t✱ ♠❛✐s ♣❧✉s ❧❡♥t❡♠❡♥t ✭❛✉
❜♦✉t ❞✬✉♥❡ à q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✮✳ ▲❛ str✉❝t✉r❡ s♣✐r❛❧❡ ♥✬❛♣♣❛r❛ît ♣❛s ❛✈❡❝
❝❡s ♠❛ss❡s st❡❧❧❛✐r❡s✳
▲❡ t❛❜❧❡❛✉ ✹✳✶ ♠♦♥tr❡ q✉❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ♠♦②❡♥♥❡s ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s 10−2 ❞❛♥s
❧❡ ❞✐sq✉❡ ❛♣♣❛r❛✐ss❡♥t ❧♦rsq✉❡ ❧❡ ♣ér✐❛str❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❡st ✐♥❢ér✐❡✉r à ∼ ✸ ✵✵✵ ❯❆✳
❆✉ ❞❡❧à ❞❡ ❝❡s ✈❛❧❡✉rs ❞✬❡①❝❡♥tr✐❝✐tés✱ ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❞❡✈✐❡♥♥❡♥t
❞❡str✉❝tr✐❝❡s ❡t ❞♦♥❝ ♣r♦❞✉❝tr✐❝❡s ❞❡ ♣♦✉ss✐èr❡ ✭❙t❡r♥✱ ✶✾✾✻ ❀ ❲②❛tt✱ ✷✵✵✽ ❀ ▼✉st✐❧❧ ❛♥❞ ❲②❛tt✱
✷✵✵✾✮ ✭✈♦✐r ❛✉ss✐ ❧❛ ♣❛rt✐❡ ✺✳✷✳✶✮✳ ▲❛ ♣rés❡♥❝❡ ❞✬✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ à ❧♦♥❣✉❡ ♣ér✐♦❞❡ ♣❡✉t
❞♦♥❝ êtr❡ ❧✬é❧é♠❡♥t ❞é❝❧❡♥❝❤❡✉r ❞❡ ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳
❉❛♥s ❝❡tt❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s✱ ❧❛ très ❧♦♥❣✉❡ ♣ér✐♦❞❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ✐♠♣❧✐q✉❡ ✉♥❡
✻✶
très ❧❡♥t❡ é✈♦❧✉t✐♦♥ ❞✉ ❞✐sq✉❡ ❞✉ ❢❛✐t ❞❡ s❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s✳ ▲❡ ❞✐sq✉❡ ♥✬❛ ❞♦♥❝
♣❛s ❛tt❡✐♥t s♦♥ ét❛t ❞✬éq✉✐❧✐❜r❡ à ❧✬✐ss✉❡ ❞❡ ♥♦s s✐♠✉❧❛t✐♦♥s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❧❛♥❝é ✉♥❡ ❞❡✉✲
①✐è♠❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s✱ ❛✈❡❝ ❞❡s ♣ér✐♦❞❡s st❡❧❧❛✐r❡s ♣❧✉s ❝♦✉rt❡s✳
▲❡s ♣❛r❛♠ètr❡s ✐♥✐t✐❛✉① ❞✉ ❞✐sq✉❡ ✭❞✐♠❡♥s✐♦♥s✱ ❞❡♥s✐té s✉r❢❛❝✐q✉❡✮ s♦♥t ❧❡s ♠ê♠❡s q✉❡
❝❡✉① ❞❡ ❧❛ ♣r❡♠✐èr❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s✳ ▲❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❡t ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞❡ ❧✬ét♦✐❧❡
❝♦♠♣❛❣♥♦♥ s♦♥t ❝♦♥❢♦♥❞✉s✳ ▲❡s ❞❡✉① ét♦✐❧❡s ♦♥t ❝❤❛❝✉♥❡ ✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✳ ◆♦✉s ❛✈♦♥s t❡sté
❞❡✉① ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ✭✵✱✷ ❡t ✵✱✼✮ ❡t s❡♣t ✈❛❧❡✉rs ❞✉ ♣ér✐❛str❡ ❞❡ ❧✬♦r❜✐t❡ ❞❡
❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ✭❞❡ ✷✵✵ à ✸✵✵✵ ❯❆✱ ✈♦✐r ❧❡ t❛❜❧❡❛✉ ✹✳✷ ✿ ❛✉✲❞❡❧à ❞❡ ✸✵✵✵ ❯❆✱ ❧❛ ♣ré❝é❞❡♥t❡
sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥ ♠♦♥tr❛✐t q✉❡ ❧❡ ❞✐sq✉❡ ♥✬ét❛✐t q✉❛s✐♠❡♥t ♣❛s ❛✛❡❝té✮✳ ▲❡s ❞❡♠✐✲❣r❛♥❞s ❛①❡s
❝♦rr❡s♣♦♥❞❛♥ts s♦♥t ❞♦♥❝ ❝♦♠♣r✐s ❡♥tr❡ ✷✺✵ ❡t ✶✵ ✵✵✵ ❯❆✱ ❡t ❧❡s ♣ér✐♦❞❡s ❞❡ ré✈♦❧✉t✐♦♥ ❝♦rr❡s✲
♣♦♥❞❛♥t❡s s✬é❝❤❡❧♦♥♥❡♥t ❞❡ ✷ ✽✵✵ à ✼✵✼ ✵✵✵ ❛♥♥é❡s✳ ▲❛ ❞✉ré❡ ♣❤②s✐q✉❡ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥
❡st ❞❡ ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❡t ❧❡ ♣❛s ❞❡ t❡♠♣s ❡st ❞✬✉♥❡ ❞❡♠✐✲❛♥♥é❡✳
▲❡s t❛✉① ❞✬é❥❡❝t✐♦♥ ✭♥♦♠❜r❡ ❞❡ ♣❧❛♥étés✐♠❛✉① é❥❡❝tés ❞✉ ❞✐sq✉❡ ♣❡♥❞❛♥t ❧❛ s✐♠✉❧❛t✐♦♥ ♣❛r
r❛♣♣♦rt ❛✉ ♥♦♠❜r❡ ✐♥✐t✐❛❧✮ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❡t ❧✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥é✲
tés✐♠❛✉① r❡st❛♥ts à ❧❛ ✜♥ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ s♦♥t ❞♦♥♥és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✹✳✷ ❡t ✐❧❧✉stré❡s
♣❛r ❧❛ ✜❣✉r❡ ✹✳✷✳ P♦✉r t♦✉s ❧❡s ♣ér✐❛str❡s ✐❝✐ t❡stés ✭✐♥❢ér✐❡✉rs ♦✉ é❣❛✉① à ✸✵✵✵ ❯❆✮✱ ❧✬❡①❝❡♥✲
tr✐❝✐té ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❛♣rès ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❡st s✉♣ér✐❡✉r❡s ❛✉①
q✉❡❧q✉❡s 10−3 ♥é❝❡ss❛✐r❡s ♣♦✉r ❡♥❝❧❡♥❝❤❡r ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ✭✈♦✐r ❧❛ ♣❛rt✐❡ ✺✳✷✳✶✱ ❛✐♥s✐
q✉❡ ❙t❡r♥ ✭✶✾✾✻✮✱ ❲②❛tt ✭✷✵✵✽✮ ❡t ▼✉st✐❧❧ ❛♥❞ ❲②❛tt ✭✷✵✵✾✮✮✳ ▲❛ ♣rés❡♥❝❡ ❞✬✉♥ ❝♦♠♣❛❣♥♦♥
❜✐♥❛✐r❡ à très ❣r❛♥❞❡ ♣ér✐♦❞❡ ♣❡✉t ❞♦♥❝ s✉✣r❡ ♣♦✉r ❡①❝✐t❡r ❞②♥❛♠✐q✉❡♠❡♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳
q∗
e∗ = ✵✱✷ e∗ = ✵✱✼
a∗ ❚❛✉① 〈epl〉 σepl
a∗ ❚❛✉① 〈epl〉 σepl✭❯❆✮ ✭❯❆✮ ❞✬é❥❡❝t✐♦♥ ✭❯❆✮ ❞✬é❥❡❝t✐♦♥
✷✵✵ ✷✺✵ ✻✾✱✼✪ ✵✱✵✻✵ ✵✱✵✸✷ ✻✻✼ ✾✵✱✶✪ ✵✱✶✻✶ ✵✱✶✺✼
✸✵✵ ✸✼✺ ✷✵✱✹✪ ✵✱✵✺✼ ✵✱✵✸✼ ✶✵✵✵ ✹✾✱✽✪ ✵✱✶✶✽ ✵✱✶✶✾
✺✵✵ ✻✷✺ ✵✪ ✵✱✵✸✺ ✵✱✵✷✵ ✶✻✻✼ ✵✪ ✵✱✵✼✹ ✵✱✵✸✻
✶✵✵✵ ✶✷✺✵ ✵✪ ✵✱✵✶✽ ✵✱✵✶✵ ✸✸✸✸ ✵✪ ✵✱✵✹✸ ✵✱✵✷✸
✶✺✵✵ ✶✽✼✺ ✵✪ ✵✱✵✶✷ 6,6× 10−3 ✺✵✵✵ ✵✪ ✵✱✵✸✸ ✵✱✵✶✼
✷✵✵✵ ✷✺✵✵ ✵✪ 9,2× 10−3 4,8× 10−3 ✻✻✻✼ ✵✪ ✵✱✵✸✶ ✵✱✵✶✵
✸✵✵✵ ✸✼✺✵ ✵✪ 6,6× 10−3 3,4× 10−3 ✶✵✵✵✵ ✵✪ 9,8× 10−3 5,4× 10−3
❚❆❇▲❊❆❯ ✹✳✷ ✕ ❚❛✉① ❞✬é❥❡❝t✐♦♥✱ ♠♦②❡♥♥❡s ❡t é❝❛rts✲t②♣❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥
❞✐sq✉❡ ❛✉ s❡✐♥ ❞✬✉♥ s②stè♠❡ ❜✐♥❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣ér✐❛str❡ q∗ ❡t ❞❡ ❧✬❡①❝❡♥tr✐❝✐té e∗ ❞❡ ❧✬♦r❜✐t❡ ❞❡
❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱ à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳ ▲❛ ❝♦❧♦♥♥❡ a∗ r❡♣rés❡♥t❡
❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ❧✬ét♦✐❧❡✲❝♦♠♣❛❣♥♦♥✳ ▲❡s ❞❡✉① ét♦✐❧❡s ♦♥t ✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✳ ▲❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉
❞✐sq✉❡ ❡t ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ s♦♥t ❝♦♥❢♦♥❞✉s✳
❖♥ ❝♦♥st❛t❡ ✉♥❡ ♣✉r❣❡ ♣❛rt✐❡❧❧❡ ❞✉ ❞✐sq✉❡ ❧♦rsq✉❡ ❧❡ ♣ér✐❛str❡ ❡st ❞❡ ✷✵✵ ♦✉ ✸✵✵ ❯❆✳ ▲✬✐♥✲
t❡♥s✐té ❞❡ ❝❡tt❡ ♣✉r❣❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦rt❛♥t❡ q❡✉❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡
❝♦♠♣❛❣♥♦♥ ❡st é❧❡✈é❡✳ ❈❡tt❡ ♣✉r❣❡ ❡st très r❛♣✐❞❡✱ ❡❧❧❡ s❡ ❞ér♦✉❧❡ ❞❛♥s ❧❡s ♣r❡♠✐❡rs ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ❈❡ s♦♥t ❧❡s ♣❛rt✐❡s ❡①t❡r♥❡s ❞✉ ❞✐sq✉❡ q✉✐ s♦♥t ♣✉r❣é❡s✳ ➚ ❧✬✐ss✉❡ ❞❡s
s✐♠✉❧❛t✐♦♥s✱ ❧❛ ❧✐♠✐t❡ ❡①t❡r♥❡ ❞✉ ❞✐sq✉❡ s❡ s✐t✉❡✱ à ♣❡✉ ♣rès✱ à ✻✵ ❯❆ ♣♦✉r ✉♥ ♣ér✐❛str❡ st❡❧❧❛✐r❡
q∗ ❞❡ ✷✵✵ ❯❆ ❡t ✉♥❡ ❡①❝❡♥tr✐❝✐té e∗ ❞❡ ✵✱✷ ❀ ❡❧❧❡ s❡ s✐t✉❡ à ∼ ✾✵ ❯❆ ♣♦✉r q∗ = ✸✵✵ ❯❆ ❡t
e∗ = ✵✱✷✳ ▲♦rsq✉❡ e∗ = ✵✱✼✱ ❧❛ ❧✐♠✐t❡ ❡①t❡r♥❡ ✜♥❛❧❡ ❞✉ ❞✐sq✉❡ ❡st ❞❡ ∼ ✹✻ ❯❆ ♣♦✉r q∗ = ✷✵✵ ❯❆
❡t ❞❡ ∼ ✻✽ ❯❆ ♣♦✉r q∗ = ✸✵✵ ❯❆✳ ❆✉ ✈✉ ❞❡ ❝❡s ❝❤✐✛r❡s✱ à ❡①❝❡♥tr✐❝✐té ❝♦♥st❛♥t❡✱ ❧❛ ❧✐♠✐t❡
❡①t❡r♥❡ ✜♥❛❧❡ ❞✉ ❞✐sq✉❡ s❡♠❜❧❡ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ♣ér✐❛str❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✳ ◆♦✉s ❝♦♥✲
❝❧✉♦♥s ❞♦♥❝ ❞❡ ❝❡tt❡ ét✉❞❡ q✉❡ ❧❛ ❞✐st❛♥❝❡ ❛✉ ♣ér✐❛str❡ ❞♦✐t êtr❡ ♣❡t✐t❡ ✭< ✺✵✵ ❯❆✮ ♣♦✉r q✉❡
✻✷
❧❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s s♦✐t s✐❣♥✐✜❝❛t✐✈❡✳
❋✐❣✉r❡ ✹✳✷ ✕ ▼♦②❡♥♥❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥ ❞✐sq✉❡ ❛✉ s❡✐♥ ❞✬✉♥ s②stè♠❡ ❜✐♥❛✐r❡✱
❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣ér✐❛str❡ q∗ ❡t ❞❡ ❧✬❡①❝❡♥tr✐❝✐té e∗ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱ à ❧✬✐ss✉❡ ❞❡s ✶✵✵
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳ ▲❡s ♣♦✐♥ts ✈✐♦❧❡ts ❝♦rr❡s♣♦♥❞❡♥t à e∗ = ✵✱✷ ❀ ❧❡s r♦✉❣❡s à
e∗ = ✵✱✼✳ ▲❡s ❞❡✉① ét♦✐❧❡s ♦♥t ✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✳ ▲❡s ❞♦♥♥é❡s s♦♥t ❝❡❧❧❡s ❞✉ t❛❜❧❡❛✉ ✹✳✷✳ ▲❡ ♣❧❛♥
♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❡t ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ s♦♥t ❝♦♥❢♦♥❞✉s✳ ❖♥ ❝♦♥st❛t❡ q✉❡ ❥✉sq✉✬à
q∗ = ✸✵✵✵ ❯❆✱ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ r❡st❡ s✉✣s❛♥t❡ ♣♦✉r ❣é♥ér❡r ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡
❞❛♥s ❧❡ ❞✐sq✉❡✳
◆♦✉s ❛✈♦♥s ❡♥ ♣❧✉s ❝❤❡r❝❤é à ✐❞❡♥t✐✜❡r ❞❡s str✉❝t✉r❡s ❞❛♥s ❧❡ ❞✐sq✉❡ ❡t à s✉✐✈r❡ ❧❡✉r é✈♦✲
❧✉t✐♦♥✳ ➚ ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✱ ♦♥ ♦❜s❡r✈❡ ✉♥ ❧é❣❡r ❞é❝❛❧❛❣❡
❞✉ ❝❡♥tr❡ ❣é♦♠étr✐q✉❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❛r r❛♣♣♦rt à ❧✬ét♦✐❧❡✱ ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❯❆✱
❞✬❛✉t❛♥t ♣❧✉s ♣❡t✐t q✉❡ ❧✬❡①❝❡♥tr✐❝té ❡st ♣❡t✐t❡ ❡t ❧❡ ♣ér✐❛str❡ ♣r♦❝❤❡✳ ❉❡s str✉❝t✉r❡s s♣✐r❛❧❡s
s❡♠❜❧❛❜❧❡s à ❝❡❧❧❡ ♦❜s❡r✈❛❜❧❡ ✜❣✉r❡ ✹✳✶ ❛♣♣❛r❛✐ss❡♥t ❛✉ ❝♦✉rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ♠❛✐s ♥❡ s♦♥t
♣❧✉s ♦❜s❡r✈❛❜❧❡s ❛♣rès q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳
❈❡s str✉❝t✉r❡s s♣✐r❛❧❡s s♦♥t ❡♥ ❢❛✐t ✉♥❡ ❝♦♥séq✉❡♥❝❡ ❞✉ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♦r❜✐t❡s
❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❞û ❛✉① ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✳ ❈❡ ♠♦✉✈❡✲
♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ♦s❝✐❧❧❛t✐♦♥ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té✱ ♠❛✐s ❛✉ss✐ ❞❡ ❧✬❛r❣✉♠❡♥t
❞✉ ♣ér✐❛str❡ ❞❡ ❧✬♦r❜✐t❡ ✭❝❡ q✉✐ ♣❡✉t s❡ tr❛❞✉✐t❡ ❝♦♠♠❡ ✉♥❡ r♦t❛t✐♦♥ ❞✉ ✈❡❝t❡✉r ❡①❝❡♥tr✐❝✐té
❞✉ ♣❧❛♥étés✐♠❛❧✱ ❞❛♥s ❧❡ ♣❧❛♥ ✭e cosω✱ e sinω✮✱ ✈♦✐r ♣✳ ✷✽✻ ❞❡ ▼✉rr❛② ❛♥❞ ❉❡r♠♦tt ✭✶✾✾✾✮✮✳
▲✬♦r❜✐t❡ ❞✉ ♣❧❛♥étés✐♠❛❧ ✓ t♦✉r♥❡ ✔✱ ❡♥ q✉❡❧q✉❡ s♦rt❡✳ ▲❛ ♣ér✐♦❞❡ t❡♠♣♦r❡❧❧❡ ❞✉ ♠♦✉✈❡♠❡♥t
❞❡ ♣ré❝❡ss✐♦♥ ❞é♣❡♥❞ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞✉ ♣❧❛♥étés✐♠❛❧✱ ❡❧❧❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❝♦✉rt❡ q✉❡
❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❡st ❣r❛♥❞✳ ❈❡❧❛ ♣❡✉t ❝♦♥❞✉✐r❡✱ ❝♦♠♠❡ ❧✬✐❧❧✉str❡ ❧❛ ✜❣✉r❡ ✹✳✼✱ à ❧✬❛♣♣❛r✐t✐♦♥
❞✬✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ❞❛♥s ❧❡ ❞✐sq✉❡✳ ❉❡ t❡❧❧❡s str✉❝t✉r❡s s♣✐r❛❧❡s ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
♦♥t été ❞ét❡❝té❡s ✭●r❛❞② ❡t ❛❧✳✱ ✷✵✵✶ ❀ ❈❧❛♠♣✐♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳ P❧✉s✐❡✉rs ❛✉tr❡s ❝❛✉s❡s ♣❡✉✈❡♥t
♥é❛♥♠♦✐♥s ❡①♣❧✐q✉❡r ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① ✿ ♣❧❛♥èt❡ s✉r ✉♥❡ ♦r❜✐t❡
❡①❝❡♥tr✐q✉❡ ♦✉ ♣❛ss❛❣❡ st❡❧❧❛✐r❡ ♣r♦❝❤❡ ✭❲②❛tt✱ ✷✵✵✺ ❀ ❚❤é❜❛✉❧t✱ ✷✵✶✷ ❀ ❏❛❧❛❧✐ ❛♥❞ ❚r❡♠❛✐♥❡✱
✷✵✶✷✮✳
▲❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ♣ér✐♦❞❡ ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡♠✐✲
✻✸
✭❛✮ Pr♦❥❡❝t✐♦♥ x− y
✭❜✮ ❉✐❛❣r❛♠♠❡ a− e
❋✐❣✉r❡ ✹✳✸ ✕ P♦s✐t✐♦♥s✱ ❡t ❞✐❛❣r❛♠♠❡ ❡①❝❡♥tr✐❝✐té✲❞❡♠✐✲❣r❛♥❞ ❛①❡✱ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡✱
à t = 7,5× 106 ❛♥s✳ ▲✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❛ ✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ✶✷✺✵ ❯❆ ❡t ✉♥❡ ❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✷✱
❡t ❞♦♥❝ ✉♥ ♣ér✐❛str❡ ❞❡ ✶✵✵✵ ❯❆✳ ❯♥❡ str✉❝t✉r❡ s♣✐r❛❧❡✱ ❞✉❡ ❛✉ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♦r❜✐t❡s
❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❡st ❡♥ tr❛✐♥ ❞❡ s❡ ❢♦r♠❡r ❞❛♥s ❧❡ ❞✐sq✉❡✳
✭❛✮ Pr♦❥❡❝t✐♦♥ x− y
✭❜✮ ❉✐❛❣r❛♠♠❡ a− e
❋✐❣✉r❡ ✹✳✹ ✕ P♦s✐t✐♦♥s✱ ❡t ❞✐❛❣r❛♠♠❡ ❡①❝❡♥tr✐❝✐té✲❞❡♠✐✲❣r❛♥❞ ❛①❡✱ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡✱
à t = 12,5× 106 ❛♥s✳ ▲✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❛ ✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ✶✷✺✵ ❯❆ ❡t ✉♥❡ ❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✷✱
❡t ❞♦♥❝ ✉♥ ♣ér✐❛str❡ ❞❡ ✶✵✵✵ ❯❆✳ ▲❛ str✉❝t✉r❡ s♣✐r❛❧❡ ❡st ❞és♦r♠❛✐s ❜✐❡♥ ✈✐s✐❜❧❡✳
✻✹
✭❛✮ Pr♦❥❡❝t✐♦♥ x− y
✭❜✮ ❉✐❛❣r❛♠♠❡ a− e
❋✐❣✉r❡ ✹✳✺ ✕ P♦s✐t✐♦♥s✱ ❡t ❞✐❛❣r❛♠♠❡ ❡①❝❡♥tr✐❝✐té✲❞❡♠✐✲❣r❛♥❞ ❛①❡✱ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡✱
à t = 25× 106 ❛♥s✳ ▲✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❛ ✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ✶✷✺✵ ❯❆ ❡t ✉♥❡ ❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✷✱
❡t ❞♦♥❝ ✉♥ ♣ér✐❛str❡ ❞❡ ✶✵✵✵ ❯❆✳ ▲❛ str✉❝t✉r❡ s♣✐r❛❧❡ s❡♠❜❧❡ s✬❡♥r♦✉❧❡r s✉r ❡❧❧❡✲♠ê♠❡✳
✭❛✮ Pr♦❥❡❝t✐♦♥ x− y
✭❜✮ ❉✐❛❣r❛♠♠❡ a− e
❋✐❣✉r❡ ✹✳✻ ✕ P♦s✐t✐♦♥s✱ ❡t ❞✐❛❣r❛♠♠❡ ❡①❝❡♥tr✐❝✐té✲❞❡♠✐✲❣r❛♥❞ ❛①❡✱ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡✱
à t = 100× 106 ❛♥s✳ ▲✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❛ ✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ✶✷✺✵ ❯❆ ❡t ✉♥❡ ❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✷✱
❡t ❞♦♥❝ ✉♥ ♣ér✐❛str❡ ❞❡ ✶✵✵✵ ❯❆✳ ▲❛ str✉❝t✉r❡ s♣✐r❛❧❡ ♥✬❡st q✉❛s✐♠❡♥t ♣❧✉s ❞✐s❝❡r♥❛❜❧❡✳
✻✺
❋✐❣✉r❡ ✹✳✼ ✕ ❊①❡♠♣❧❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❛r ♣ré❝❡ss✐♦♥
❞❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉①✳
❣r❛♥❞ ❛①❡ ❡♥tr❛î♥❡ ✉♥ ✓ ❡♥r♦✉❧❡♠❡♥t ✔ ❞❡ ❧❛ s♣✐r❛❧❡ s✉r ❡❧❧❡✲♠ê♠❡✱ s✐ ❜✐❡♥ q✉✬❡❧❧❡ ✜♥✐t ♣❛r❢♦✐s
♣❛r ♥✬êtr❡ ♣❧✉s ❞✐s❝❡r♥❛❜❧❡ ❛✉ ❜♦✉t ❞✬✉♥ ❝❡rt❛✐♥ t❡♠♣s✳ ▲❡s ✜❣✉r❡s ✹✳✸✱ ✹✳✹✱ ✹✳✺ ❡t ✹✳✻ ♠♦♥tr❡♥t
❛✐♥s✐ ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡✱ ❞❛♥s ❧❡ ❝❛s ♦ù ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❛ ✉♥❡
❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✷ ❡t ✉♥ ♣ér✐❛str❡ ❞❡ ✶✵✵✵ ❯❆✳
▲❡s str✉❝t✉r❡s s♣✐r❛❧❡s ❞❛♥s ❧❡s ❞✐sq✉❡s ❛♣♣❛r❛✐ss❡♥t✱ é✈♦❧✉❡♥t ❡t ❞✐s♣❛r❛✐ss❡♥t ❞✬❛✉t❛♥t
♣❧✉s r❛♣✐❞❡♠❡♥t q✉❡ ❧❡ ♣ér✐❛str❡ ❡t✴♦✉ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ s♦♥t ♣❡t✐ts✳ ❊❧❧❡s
♥✬❛♣♣❛r❛✐ss❡♥t q✉❡ ❧♦rsq✉❡ ❧❡ ♣ér✐❛str❡ q∗ ❡st ✐♥❢ér✐❡✉r à ❡♥✈✐r♦♥ ✶✺✵✵ ❯❆✳ ❉❛♥s t♦✉t❡s ❧❡s s✐✲
♠✉❧❛t✐♦♥s ❞❡ ❝❡tt❡ sér✐❡✱ ✉♥❡ ❛s②♠étr✐❡ ♣❡rs✐st❡ ❞❛♥s ❧❡ ❞✐sq✉❡ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✿ ❧❡ ❜♦r❞
❡①t❡r♥❡ ❞✉ ❞✐sq✉❡ ♥✬❡st ♣❧✉s ❡①❛❝t❡♠❡♥t ❝❡♥tré s✉r ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✳ ▲❡ ❞é❝❡♥tr❛❣❡ ❞✉ ❞✐sq✉❡ ❡st
❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❯❆ ❀ s❛✉❢ q✉❛♥❞ e∗ = ✵✱✼ ❡t q∗ < ✶✺✵✵ ❯❆✱ ♦ù ✐❧ ❛tt❡✐♥t ✉♥❡ ❞✐③❛✐♥❡ ❞✬❯❆✳
✹✳✷ ❊✛❡t ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ ❡♥tr❡ ❧❡ ♣❧❛♥ ❞✉ ❞✐sq✉❡ ❡t ❧❡ s②stè♠❡
❜✐♥❛✐r❡
❯♥❡ tr♦✐s✐è♠❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s ♥♦✉s ❛ ♣❡r♠✐s ❞❡ t❡st❡r ❧✬❡✛❡t ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ i∗ ❞✉ ♣❧❛♥
❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✳ ▲❡s ♣❛r❛♠ètr❡s ✐♥✐t✐❛✉①
❞✉ ❞✐sq✉❡ ✭❞✐♠❡♥s✐♦♥s✱ ❞❡♥s✐té s✉r❢❛❝✐q✉❡✮ s♦♥t ❧❡s ♠ê♠❡s q✉❡ ❝❡✉① ❞❡s ❞❡✉① ♣ré❝é❞❡♥t❡s sér✐❡s
❞❡ s✐♠✉❧❛t✐♦♥s✳ ▲❡s ❞❡✉① ét♦✐❧❡s ♦♥t ❝❤❛❝✉♥❡ ✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✳ ▲✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥
❛ ✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ✸✵✵ ❯❆ ❡t ✉♥❡ ❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✷✱ ❡t ❞♦♥❝ ✉♥ ♣ér✐❛str❡ ❞❡ ✷✹✵ ❯❆✳
❙❡♣t ✈❛❧❡✉rs ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ i∗ ♦♥t été t❡sté❡s✱ ❡♥tr❡ ✵✝❡t ✶✽✵✝✳ ▲❡s ✈❛❧❡✉rs ❞❡ i s✉♣ér✐❡✉r❡s à
✾✵✝❝♦rr❡s♣♦♥❞❡♥t à ✉♥ ♠♦✉✈❡♠❡♥t rétr♦❣r❛❞❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ♣❛r r❛♣♣♦rt ❛✉① ♣❧❛♥été✲
s✐♠❛✉① ❞✉ ❞✐sq✉❡✳ ❆✈❡❝ ❝❡ ♣ér✐❛str❡ r❡❧❛t✐✈❡♠❡♥t ♣❡t✐t✱ ❧✬é❥❡❝t✐♦♥ é✈❡♥t✉❡❧❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉①
❞✉ ❞✐sq✉❡ ✐♥t❡r✈✐❡♥t très r❛♣✐❞❡♠❡♥t✱ ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ❝♦♥st❛té ❞❛♥s ❧❛ ❞❡✉①✐è♠❡ sér✐❡ ❞❡
s✐♠✉❧❛t✐♦♥ ❀ ❧❛ ❞✉ré❡ ♣❤②s✐q✉❡ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ ❡st ❞♦♥❝ ✜①é❡ à ✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ▲❡
♣❛s ❞❡ t❡♠♣s ❡st ❞✬✉♥❡ ❞❡♠✐✲❛♥♥é❡✳
▲❡s t❛✉① ❞✬é❥❡❝t✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ❧❡s ♠♦②❡♥♥❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❡t ✐♥❝❧✐✲
♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts à ❧❛ ✜♥ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ s♦♥t ❞♦♥♥és ❞❛♥s ❧❡ t❛❜❧❡❛✉
✹✳✸ ❡t ✐❧❧✉strés ❛✉① ✜❣✉r❡s ✹✳✽ ❡t ✹✳✾✳ ❖♥ ♦❜s❡r✈❡ q✉❡ ❧❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ ❞é♣❡♥❞ ❢♦rt❡♠❡♥t
❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ i∗ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ♣❛r r❛♣♣♦rt ❛✉ ❞✐sq✉❡✳ ▲♦rsq✉❡ ❧❡ ♣❧❛♥ ❞❡ ❧✬♦r❜✐t❡
❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❡t ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ s♦♥t ♦rt❤♦❣♦♥❛✉①✱ ❧❡ ❞✐sq✉❡ ❡st t♦t❛❧❡♠❡♥t
✻✻
♣✉r❣é✱ ❡t ❝❡ ❞ès ❧❡ ♣r❡♠✐❡r ♠✐❧❧✐♦♥ ❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ◗✉❛♥❞ ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡s ❞❡✉① ♣❧❛♥s
❡st ❞❡ ✻✵✝✱ ❧❛ ♣✉r❣❡ ❡st q✉❛s✐♠❡♥t t♦t❛❧❡✱ s❡✉❧s s✉❜s✐st❡♥t à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ q✉❡❧q✉❡s
♣❧❛♥étés✐♠❛✉① é✈♦❧✉❛♥t ❛✉t♦✉r ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ s✉r ❞❡s ♦r❜✐t❡s ♣r♦❝❤❡s ❡t très ❡①❝❡♥tr✐q✉❡s✳
❊♥ r❛✐s♦♥ ❞✉ ♠é❝❛♥✐s♠❡ ❞❡ ❑♦③❛✐ ✭❑♦③❛✐✱ ✶✾✻✷✮✱ ❡t ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ❝❛s ❞✬✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡
♣r♦❝❤❡ ✭✈♦✐r ❝❤❛♣✐tr❡ ✸✳✶✮✱ ❧❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ ❞❛♥s ✉♥ s②stè♠❡ ❜✐♥❛✐r❡ ❡st ❢❛❝✐❧✐té❡ ♣❛r ❧✬✐♥❝❧✐✲
♥❛✐s♦♥ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ♣❛r r❛♣♣♦rt ❛✉ ❞✐sq✉❡✳
i∗ ❚❛✉① ❞✬é❥✳ 〈epl〉 emax 〈ipl〉
✵✝ ✹✽✱✼ ✪ ✵✱✵✺✺ ∼ ✵✱✶ ✵✱✺✝
✸✵✝ ✺✸✱✼ ✪ ✵✱✵✸✻ ∼ ✵✱✵✺ ✸✽✝
✻✵✝ ✾✻✱✻ ✪ ✵✱✸✺✵ ∼ ✵✱✾ ✻✽✝
✾✵✝ ✶✵✵ ✪ ✲ ✲ ✲
✶✷✵✝ ✾✾✱✷ ✪ ✵✱✸✷✺ ∼ ✵✱✾ ✻✼✝
✶✺✵✝ ✸✶✱✻ ✪ ✵✱✶✺✾ ∼ ✵✱✺ ✸✽✝
✶✽✵✝ ✵ ✪ ✵✱✶✵✺ ∼ ✵✱✷ ✵✱✺✝
❚❆❇▲❊❆❯ ✹✳✸ ✕ ❚❛✉① ❞✬é❥❡❝t✐♦♥ ❡t ♠♦②❡♥♥❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❡t ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉①
❞✬✉♥ ❞✐sq✉❡ ❛✉ s❡✐♥ ❞✬✉♥ s②stè♠❡ ❜✐♥❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ i∗ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱
à ❧✬✐ss✉❡ ❞❡s ✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳ emax r❡♣rés❡♥t❡ ❧✬❡①❝❡♥tr✐❝✐té ♠❛①✐♠❛❧❡ ❛tt❡✐♥t❡
♣❛r ❧❡s ♣❧❛♥tétés✐♠❛✉① ❧♦rs ❞❡ ❧❡✉r ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥✳ ▲❡ ♣❧❛♥ ❞❡ ré❢ér❡♥❝❡ ❡st ❧❡ ♣❧❛♥ ♠é❞✐❛♥
✐♥✐t✐❛❧ ❞✉ ❞✐sq✉❡✳ ▲❡s ❞❡✉① ét♦✐❧❡s ♦♥t ✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✳ ▲✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❛ ✉♥ ❞❡♠✐✲❣r❛♥❞
❛①❡ ❞❡ ✸✵✵ ❯❆✱ ✉♥ ❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✷✳ ❙❛ ❧✐❣♥❡ ❞❡s ♥÷✉❞s ❡t s❛ ❧✐❣♥❡ ❞❡s ❛♣s✐❞❡s s♦♥t ♦rt❤♦❣♦♥❛❧❡s
✭Ω∗ = 90✝✱ ω∗ = 90✝✮✳
▲❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ ❡st ♣❛rt✐❡❧❧❡✱ ✈♦✐r❡ ♥✉❧❧❡✱ ❧♦rsq✉❡ ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡s ❞❡✉① ♣❧❛♥s ❡st ✐♥❢ér✐❡✉r
à ✹✵✝✭✈♦✐r ✜❣✉r❡ ✹✳✽✮✳ ❊❧❧❡ ❡st ♣❧✉s ❡✣❝❛❝❡✱ ❡t ♣❧✉s r❛♣✐❞❡✱ ❧♦rsq✉❡ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬ét♦✐❧❡
❝♦♠♣❛❣♥♦♥ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❡st ♣r♦❣r❛❞❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ ❞✐sq✉❡ ❡st tr♦♥q✉é
à ∼ ✼✵ ❯❆ ♣❛r ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✳ ❉❛♥s ❧❡ ❝❛s ♦ù ❧❡ ♠♦✉✈❡♠❡♥t ❡st rétr♦❣r❛❞❡✱ ❧❡ ❞✐sq✉❡
❡st tr♦♥q✉é à ∼ ✽✵ ❯❆ ❧♦rsq✉❡ i∗ = 150✝ ❀ ✐❧ ♥✬❡st ♣❛s tr♦♥q✉é ❧♦rsq✉❡ ❧❡s ❞❡✉① ♣❧❛♥s s♦♥t
❝♦♥❢♦♥❞✉s ✭i∗ = 180✝✮✱ ❧❡ ❞✐sq✉❡ ♥✬❡st ❛❧♦rs ♣❛s ❞✉ t♦✉t ♣✉r❣é✳
▲♦rsq✉❡ ❧❡ ♣❧❛♥ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❡t ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ s♦♥t ❝♦♥❢♦♥❞✉s
✭i∗ = 0✝♦✉ 180✝✮✱ ❧✬✐♥❝❧✐♥❛✐s♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ♠é❞✐❛♥ ✐♥✐t✐❛❧ ❞✉ ❞✐sq✉❡
r❡st❡ ✐♥❝❤❛♥❣é❡✳ ▲♦rsq✉❡ ❧✬❛♥❣❧❡ ❡♥tr❡ ❝❡s ❞❡✉① ♣❧❛♥s ❡st ❞❡ ✸✵✝✭i∗ = 30✝♦✉ 150✝✮✱ ❧✬✐♥❝❧✐♥❛✐s♦♥
❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ s❡ ré♣❛rt✐t ❡♥tr❡ ✵✝❡t ✻✵✝✱ ❡♥ r❛✐s♦♥ ❞❡s ♣❡rt✉r❜❛t✐♦♥s sé❝✉❧❛✐r❡s
❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ✭✈♦✐r ♣✳ ✷✽✼ ❞❡ ▼✉rr❛② ❛♥❞ ❉❡r♠♦tt ✭✶✾✾✾✮✮ ✿ ❧❡ ❞✐sq✉❡ é✈♦❧✉❡ ❛❧♦rs ❡♥
✉♥ ❤❛❧♦ ✭✈♦✐r ✜❣✉r❡ ✹✳✶✵✮✳ ▲❡ ♣❧❛♥ ♠é❞✐❛♥ ✜♥❛❧ ❞✉ ❞✐sq✉❡✴❤❛❧♦ s❡ ❝♦♥❢♦♥❞ ❛✈❡❝ ❧❡ ♣❧❛♥ ♦r❜✐t❛❧
❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱ ❧❡s ♣❧❛♥s ♦r❜✐t❛✉① ❞❡s ♣❧❛♥étés✐♠❛✉① ♦s❝✐❧❧❛♥t ❛✉t♦✉r✳ ▲♦rsq✉❡ ❧✬❛♥❣❧❡
❡♥tr❡ ❝❡s ❞❡✉① ♣❧❛♥s ❡st✱ ❛✉ ❞é❜✉t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❞❡ ✻✵✝✭i∗ = 60✝♦✉ 120✝✮✱ ❧✬✐♥❝❧✐♥❛✐s♦♥
❞❡s q✉❡❧q✉❡s ♣❧❛♥étés✐♠❛✉① r❡st❛♥t ❞❛♥s ❧❡ ❞✐sq✉❡ s❡ ré♣❛rt✐t ❡♥tr❡ ✵✝❡t ✶✷✵✝✱ ♣♦✉r ❧❡s ♠ê♠❡s
r❛✐s♦♥s✳
▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❡st s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡ ♦❜s❡r✈é❡
❞❛♥s ❧❛ ❞❡✉①✐è♠❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s ✭❛✈❡❝ i∗ = 0✝✮✳ ▲❡s ♠ê♠❡s ♣❤é♥♦♠è♥❡s ❞❡ ♣ré❝❡ss✐♦♥ ❡t
❞✬❛s②♠étr✐❡ s♦♥t ♦❜s❡r✈és✳ ▲✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① s❡ ré♣❛rt✐t ✜♥❛❧❡♠❡♥t ❡♥tr❡ ✵ ❡t
✉♥❡ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ emax✳ ◆é❛♥♠♦✐♥s✱ ❝❡tt❡ ❡①❝❡♥tr✐❝✐té ♠❛①✐♠❛❧❡ ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡ ❧✬✐♥❝❧✐✲
♥❛✐s♦♥ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✳ ▲❡s ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡ emax s♦♥t ❞♦♥♥é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✹✳✸✳
❖♥ ♦❜s❡r✈❡ q✉❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① ❛tt❡✐♥t ❞❡s ✈❛❧❡✉rs ♣❧✉s ✐♠♣♦rt❛♥t❡s ❧♦rsq✉❡
❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬ét♦✐❧❡ ❡st rétr♦❣r❛❞❡✱ ❛❧♦rs q✉❡ ❧❡ ❞✐sq✉❡ ❡st ♠♦✐♥s ♣✉r❣é ✭✈♦✐r ✜❣✉r❡ ✹✳✾✮✳
✻✼
❋✐❣✉r❡ ✹✳✽ ✕ P✉r❣❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✭♣r♦♣♦rt✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉① é❥❡❝tés✮ ❛✉ s❡✐♥ ❞✬✉♥ s②stè♠❡
❜✐♥❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ i∗ ❡♥tr❡ ❧❡ ♣❧❛♥ ✐♥✐t✐❛❧ ❞✉ ❞✐sq✉❡ ❡t ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱
à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✱ ❛✈❡❝ a∗ = ✸✵✵ ❯❆✱ q∗ = ✷✹✵ ❯❆✱ e = ✵✱✷✱
Ω = 90✝✱ ω = 90✝✳ ▲❡s ❞♦♥♥é❡s s♦♥t ❝❡❧❧❡s ❞✉ t❛❜❧❡❛✉ ✹✳✸✳
❋✐❣✉r❡ ✹✳✾ ✕ ▼♦②❡♥♥❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts ❞✉ ❞✐sq✉❡ ❛✉ s❡✐♥ ❞✬✉♥ s②stè♠❡
❜✐♥❛✐r❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ i∗ ❡♥tr❡ ❧❡ ♣❧❛♥ ✐♥✐t✐❛❧ ❞✉ ❞✐sq✉❡ ❡t ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱
à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✱ ❛✈❡❝ a∗ = ✸✵✵ ❯❆✱ q∗ = ✷✹✵ ❯❆✱ e = ✵✱✷✱
Ω = 90✝✱ ω = 90✝✳ ▲❡s ❞♦♥♥é❡s s♦♥t ❝❡❧❧❡s ❞✉ t❛❜❧❡❛✉ ✹✳✸✳ ❆✉❝✉♥ ♣❧❛♥étés✐♠❛❧ ♥❡ s✉❜s✐st❡ ❧♦rsq✉❡
i∗ = 90✝✱ ❡t très ♣❡✉ s✉❜s✐st❡♥t ❧♦rsq✉❡ i∗ = 60✝♦✉ 120✝✳
❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❧❛ tr♦✐s✐è♠❡ sér✐❡✱ q✉✐ é✈❛❧✉❡♥t ❧✬❡✛❡t ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ i∗ ❞❡ ❧✬♦r❜✐t❡
❞❡ ❧✬ét♦✐❧❡✱ ❧❛ ❧✐❣♥❡ ❞❡s ❛♣s✐❞❡s ❡t ❧❛ ❧✐❣♥❡ ❞❡s ♥÷✉❞s ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ s♦♥t
♦rt❤♦❣♦♥❛❧❡s ✭♦♥ ❛ Ω∗ = 90✝❡t ω∗ = 90✝✮✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❧❛♥❝é ❞❡s s✐♠✉❧❛t✐♦♥s ❞❛♥s
✻✽
❧❡sq✉❡❧s ❝❡s ❞❡✉① ❧✐❣♥❡s s♦♥t ❝♦♥❢♦♥❞✉❡s ♦✉ ❢♦r♠❡♥t ✉♥ ❛♥❣❧❡ ❞❡ ✹✺✝✳ ❈❡tt❡ ❣é♦♠étr✐❡ ❞✐✛ér❡♥t❡
♥❡ ❝❤❛♥❣❡ r✐❡♥ ❛✉① rés✉❧t❛ts ♣rés❡♥tés ❝✐✲❞❡ss✉s✱ ❡♥ t❡r♠❡ ❞❡ ♣✉r❣❡ ♦✉ ❞✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡
❞❡s ♣❧❛♥étés✐♠❛✉①✳ ▲❡ ♣❧❛♥ ♠é❞✐❛♥ ✜♥❛❧ ❞✉ ❞✐sq✉❡✴❤❛❧♦ ❡st t♦✉❥♦✉rs ❝♦♥❢♦♥❞✉ ❛✈❡❝ ❧❡ ♣❧❛♥ ❞❡
❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ✭✈♦✐r ✜❣✉r❡ ✹✳✶✶✮✳
◆♦✉s ❝♦♥❝❧✉♦♥s ❞♦♥❝ ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s q✉❡✱ ❞❛♥s ✉♥ s②stè♠❡ ❜✐♥❛✐r❡✱ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥
♦r❜✐t❛♥t à ❧✬❡①tér✐❡✉r ❞✉ ❞✐sq✉❡ ♣❡✉t ♣✉r❣❡r ❝❡❧✉✐✲❝✐ ❥✉sq✉✬à ✉♥❡ ❞✐st❛♥❝❡ ❞é♣❡♥❞❛♥t ❞❡ s♦♥
♣ér✐❛str❡✳ ❈❡❝✐ ❡①♣❧✐q✉❡ ❧❡ ❞é✜❝✐t ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞ét❡❝tés ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❜✐♥❛✐r❡s
✐♥t❡r♠é❞✐❛✐r❡s✱ ❝✬❡st✲à✲❞✐r❡ ❞♦♥t ❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞✬❯❆
✭❘♦❞r✐❣✉❡③ ❛♥❞ ❩✉❝❦❡r♠❛♥✱ ✷✵✶✷✮✳ ▲❛ ♣✉r❣❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❡✣❝❛❝❡ q✉❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥
❡st ♠❛ss✐✈❡ ♣❛r r❛♣♣♦rt à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✱ q✉❡ s♦♥ ♦r❜✐t❡ ❡st ❡①❝❡♥tr✐q✉❡ ❡t q✉❡ ❧✬❛♥❣❧❡ ❞❡ s♦♥
♣❧❛♥ ♦r❜✐t❛❧ ❛✈❡❝ ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ✐♥✐t✐❛❧ ❞✉ ❞✐sq✉❡ ❡st ✐♠♣♦rt❛♥t✳ ▲❛ ♣❛rt✐❡ ❞✉ ❞✐sq✉❡ ♥♦♥ ♣✉r❣é❡
❡st ❞②♥❛♠✐q✉❡♠❡♥t ❡①❝✐té❡ ♣❛r ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✳ ▲❡
♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❡♥tr❛î♥❡ ✉♥❡ ❛s②♠étr✐❡ ❞✉ ❞✐sq✉❡✱
❡t ♣❡✉t t❡♠♣♦r❛✐r❡♠❡♥t ❣é♥ér❡r ✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ❛✉ s❡✐♥ ❞✉ ❞✐sq✉❡✳ ❚♦✉s ❝❡s ❡✛❡ts ❞é♣❡♥✲
❞❡♥t ♥é❛♥♠♦✐♥s ❢♦rt❡♠❡♥t ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ ❡♥tr❡ ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ❡t ❧❡
♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ✿ ❝❡ ❞❡r♥✐❡r t❡♥❞ ❡♥ ❡✛❡t à s✬❛❧✐❣♥❡r s✉r ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞✉ ❝♦♠♣❛❣♥♦♥
st❡❧❧❛✐r❡✱ ❝❡ q✉✐ ♣❡✉t tr❛♥s❢♦r♠❡r ❧❡ ❞✐sq✉❡ ❡♥ ❤❛❧♦✳
✻✾
✭❛✮ ❱✉❡ ❞❡ ❞❡ss✉s✱ ♣❧♦t ①✲②
✭❜✮ ❱✉❡ ❞❡ ❝ôté✱ ♣❧♦t ①✲③ ✭❝✮ ❱✉❡ ❞❡ ❝ôté✱ ♣❧♦t ②✲③
❋✐❣✉r❡ ✹✳✶✵ ✕ P♦s✐t✐♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ét♦✐❧❡ ❞✬✉♥❡ ♠❛ss❡ s♦❧❛✐r❡
❞✬é❧é♠❡♥ts ♦r❜✐t❛✉① a = ✸✵✵ ❯❆✱ e = ✵✱✷✱ q = ✷✹✵ ❯❆✱ i = 150✝✱ Ω = 90✝✱ ω = 90✝✭❧❛ ❧✐❣♥❡ ❞❡s ❛♣s✐❞❡s
❝♦rr❡s♣♦♥❞ à ❧✬❛①❡ ❞❡s x ❡t ❧❛ ❧✐❣♥❡ ❞❡s ♥÷✉❞s à ❧✬❛①❡ ❞❡s y✱ ❧❡ ♥÷✉❞ ❛s❝❡♥❞❛♥t ❡st s✐t✉é ❞✉ ❝ôté ❞❡s y
♣♦s✐t✐❢s✱ ❡t ❧❡ ♣ér✐❛str❡ ❞✉ ❝ôté ❞❡s x ♥é❣❛t✐❢s✮✱ à ❧✬✐ss✉❡ ❞❡s ✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❡
❞✐sq✉❡ ❛ é✈♦❧✉é ❡♥ ❤❛❧♦✱ s♦♥ ♣❧❛♥ ♠é❞✐❛♥ ❡st ❝♦♥❢♦♥❞✉ ❛✈❡❝ ❝❡❧✉✐ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✱ ✐❝✐
r❡♣rés❡♥té❡ ❡♥ ❜❧❡✉✳
✼✵
✭❛✮ ❱✉❡ ❞❡ ❞❡ss✉s✱ ♣❧♦t ①✲②
✭❜✮ ❱✉❡ ❞❡ ❝ôté✱ ♣❧♦t ①✲③ ✭❝✮ ❱✉❡ ❞❡ ❝ôté✱ ♣❧♦t ②✲③
❋✐❣✉r❡ ✹✳✶✶ ✕ P♦s✐t✐♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ét♦✐❧❡ ❞✬✉♥❡ ♠❛ss❡ s♦❧❛✐r❡
❞✬é❧é♠❡♥ts ♦r❜✐t❛✉① a = ✸✵✵ ❯❆✱ e = ✵✱✷✱ q = ✷✹✵ ❯❆✱ i = 30✝✱ Ω = 0✝✱ ω = 180✝✭❧❛ ❧✐❣♥❡ ❞❡s ❛♣s✐❞❡s
❡t ❧❛ ❧✐❣♥❡ ❞❡s ♥÷✉❞s s♦♥t ❝♦♥❢♦♥❞✉❡s ❡t ❝♦rr❡s♣♦♥❞❡♥t à ❧✬❛①❡ ❞❡s x✱ ❧❡ ♥÷✉❞ ❛s❝❡♥❞❛♥t ❡st s✐t✉é
❞✉ ❝ôté ❞❡s x ♣♦s✐t✐❢s✱ ❡t ❧❡ ♣ér✐❛str❡ ❞✉ ❝ôté ❞❡s x ♥é❣❛t✐❢s✮✱ à ❧✬✐ss✉❡ ❞❡s ✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥✳ ▲❡ ❞✐sq✉❡ ❛ é✈♦❧✉é ❡♥ ❤❛❧♦✱ s♦♥ ♣❧❛♥ ♠é❞✐❛♥ ❡st ❝♦♥❢♦♥❞✉ ❛✈❡❝ ❝❡❧✉✐ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡
❝♦♠♣❛❣♥♦♥✱ ✐❝✐ r❡♣rés❡♥té❡ ❡♥ ❜❧❡✉✳
✼✶

❈❤❛♣✐tr❡ ✺
■♥t❡r❛❝t✐♦♥s ❞✐sq✉❡✲♣❧❛♥èt❡ ✿ ♣✉r❣❡✱
❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t str✉❝t✉r❛t✐♦♥
✺✳✶ ❈❛s ❞✬✉♥❡ ♣❧❛♥èt❡ à ❧❛ ❧✐s✐èr❡ ✐♥tér✐❡✉r❡ ❞✉ ❞✐sq✉❡
▲❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ♣❧❛♥èt❡ ❞❛♥s ✉♥ s②stè♠❡ ❝♦♥t❡♥❛♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡✉t ❛✈♦✐r ♣♦✉r
❡✛❡t ❞❡ st❛❜✐❧✐s❡r✱ str✉❝t✉r❡r ♦✉ ✈✐❞❡r ❧❡ ❞✐sq✉❡✳ ❈❡t ❡✛❡t ❞é♣❡♥❞ ❞❡ ♥♦♠❜r❡✉① ♣❛r❛♠ètr❡s ❧✐és
à ❧✬ét♦✐❧❡ ✭♠❛ss❡✮✱ à ❧❛ ♣❧❛♥èt❡ ✭♠❛ss❡✱ é❧é♠❡♥ts ♦r❜✐t❛✉①✱ ♠✐❣r❛t✐♦♥ é✈❡♥t✉❡❧❧❡✮ ❛✐♥s✐ q✉✬❛✉
❞✐sq✉❡ ❧✉✐✲♠ê♠❡ ✭❞✐♠❡♥s✐♦♥s✱ ❞❡♥s✐té✱ str✉❝t✉r❛t✐♦♥✮✳ ▲✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡
❞é❜r✐s ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❛ été ét✉❞✐é ❛♥❛❧②t✐q✉❡♠❡♥t ♣❛r ▼✉st✐❧❧ ❛♥❞ ❲②❛tt ✭✷✵✵✾✮ ❡t ❇♦♥s♦r
❛♥❞ ❲②❛tt ✭✷✵✶✷✮✳ ▲✬❡✛❡t ❞✬✉♥❡ ♣❧❛♥èt❡ s✉r ❧❛ str✉❝t✉r❛t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ✈✐❛ ❧❡s
rés♦♥❛♥❝❡s ♦r❜✐t❛❧❡s✱ ❛ été ét✉❞✐é ♣❛r ❲②❛tt ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❖③❡r♥♦② ❡t ❛❧✳ ✭✷✵✵✵✮✱ ◗✉✐❧❧❡♥ ❛♥❞
❚❤♦r♥❞✐❦❡ ✭✷✵✵✷✮✱ ❑✉❝❤♥❡r ❛♥❞ ❍♦❧♠❛♥ ✭✷✵✵✸✮ ❡t ❲②❛tt ✭✷✵✵✸✮✳
✺✳✶✳✶ ❙✐♠✉❧❛t✐♦♥s
◆♦✉s ❛✈♦♥s ❡♥tr❡♣r✐s ✉♥❡ r❡❝❤❡r❝❤❡ à tr❛✈❡rs ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s ❧✐és à ❧✬ét♦✐❧❡✱ ❡t à ❧❛
♣❧❛♥èt❡✱ ♣♦✉r ét✉❞✐❡r ♥✉♠ér✐q✉❡♠❡♥t ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t ❧❛ ♣✉r❣❡ ❞❡s ❞✐sq✉❡s ♣❡rt✉r❜és
♣❛r ✉♥❡ ♣❧❛♥èt❡ ✐♥t❡r♥❡✳ ❆✜♥ ❞❡ ❧✐♠✐t❡r ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛r❛♠ètr❡s ✐♠♣❧✐q✉és✱ ♥♦✉s ♥♦✉s s♦♠♠❡s
❧✐♠✐tés ❛✉ ❝❛s ♦ù ✉♥❡ s❡✉❧❡ ♣❧❛♥èt❡ ♣❡rt✉r❜❡ ❧❡ ❞✐sq✉❡✱ ❡t ♦ù ❧❛ ♣❧❛♥èt❡ ♦r❜✐t❡ à ❧✬✐♥tér✐❡✉r ❡t
❞❛♥s ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✳ P❛r♠✐ ❧❡s ♣❛r❛♠ètr❡s ✐♥✢✉❡♥ç❛♥t ❧✬ét❛t ❞✬❡①❝✐t❛t✐♦♥ ❡t ❞❡ ♣✉r❣❡
❞✉ ❞✐sq✉❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❝♦♥❝❡♥trés s✉r ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡ mpl✱ ❧❛ ♠❛ss❡ ❞❡ ❧✬ét♦✐❧❡
M∗ ❡t ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ ♣❧❛♥èt❡ epl✳
▲❡s ♣❛r❛♠ètr❡s ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♦♥t été ✜①és ❡t s♦♥t ❧❡s ♠ê♠❡s ♣♦✉r t♦✉t❡s ❧❡s s✐♠✉❧❛✲
t✐♦♥s ❞é❝r✐t❡s ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥✳ P♦✉r s❡s ❞✐♠❡♥s✐♦♥s✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥s♣✐rés ❞❡ ❧❛ ❝❡✐♥t✉r❡
❞❡ ❑✉✐♣❡r ✿ ❧❡s r❛②♦♥s ✐♥t❡r♥❡ ❡t ❡①t❡r♥❡ ❞✉ ❞✐sq✉❡ s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ✜①és à ✸✵ ❡t ✽✵ ❯❆ ❞❡
❧✬ét♦✐❧❡ ✭❧❛ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡s ♦❜❥❡ts tr❛♥s♥❡♣t✉♥✐❡♥s ♦❜s❡r✈és ♦r❜✐t❡ ❡♥ ❡✛❡t ❡♥tr❡ ❝❡s ❞❡✉①
❧✐♠✐t❡s✮✳ ▲✬é♣❛✐ss❡✉r ❞✉ ❞✐sq✉❡ ❡st ❞❡ ✶ ❯❆ s✉r s♦♥ ❜♦r❞ ✐♥t❡r♥❡ ❡t ❞❡ ✷✱✽ ❯❆ s✉r s♦♥ ❜♦r❞
❡①t❡r♥❡✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥ ❛♥❣❧❡ ❞✬♦✉✈❡rt✉r❡ ❞❡ 2✝✳ ▲❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡ ❞✉ ❞✐sq✉❡ ❞é❝r♦ît
❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ r à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❝♦♠♠❡ r−1✳ ❆✉ ❞é❜✉t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❡s ♦r❜✐t❡s ❞❡ t♦✉s
❧❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ❝✐r❝✉❧❛✐r❡s✳
▲❡ ❞✐sq✉❡ ❝♦♥t✐❡♥t ✶✵ ✵✵✵ ♣❧❛♥étés✐♠❛✉① ❀ ❧❡ ♣❛s ❞❡ t❡♠♣s ❡st ❞❡ tr♦✐s ♠♦✐s✳ ▲❛ ❞✉ré❡
♣❤②s✐q✉❡ ❞❡s s✐♠✉❧❛t✐♦♥s ❡st ❞❡ ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ❉❡s s✐♠✉❧❛t✐♦♥s t❡sts s✉r ✷✵✵ ❡t ✺✵✵
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ♠♦♥tr❡♥t q✉❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ t❛✉① ❞✬é❥❡❝t✐♦♥ ♥✬❡st ♣❛s s✐❣♥✐✜❝❛t✐✈❡ ❛✉✲❞❡❧à ❞❡
✼✸
108 ❛♥s ✭✈♦✐r ✜❣✉r❡ ✺✳✷✮✱ à ❧✬❡①❝❡♣t✐♦♥ ❞❡s ♣❧❛♥èt❡s ❧❡s ♠♦✐♥s ♠❛ss✐✈❡s✱ ❝❡ q✉✐ ❡♥tr❛î♥❡ ♣♦✉r ❝❡s
❞❡r♥✐èr❡s ✉♥❡ s♦✉s✲é✈❛❧✉❛t✐♦♥ ❞✉ t❛✉① ✜♥❛❧ ❞✬é❥❡❝t✐♦♥ ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵ à ✷✵ ✪ ✭❞✬❛♣rès ❧❡s t❡sts
❡✛❡❝t✉és✮✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ ✜❣✉r❡ ✺✳✶ ♠♦♥tr❡ ❛✐♥s✐ ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥ t❛✉① ❞✬é❥❡❝t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥
❞✉ t❡♠♣s✳
❋✐❣✉r❡ ✺✳✶ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ t❛✉① ❞✬é❥❡❝t✐♦♥ ✭❡♥ ✪✮ ❞❡s ♣❧❛♥étés✐♠❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✭❡♥ ❛♥♥é❡s✮✱
s✉r 108 ❛♥s✱ ♣♦✉r ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞❡ r❛②♦♥s ✐♥t❡r♥❡ ❞❡ ✸✵ ❯❆ ❡t ❡①t❡r♥❡ ❞❡ ✽✵ ❯❆✱ ♣❡rt✉r❜é ♣❛r
✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ ❥♦✈✐❡♥♥❡✱ ♦r❜✐t❛♥t ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ❞❡ ✷✱✺ ♠❛ss❡s s♦❧❛✐r❡s✱ ❞❡ ❞❡♠✐✲❣r❛♥❞
❛①❡ apl = ✷✼✱✸ ❯❆ ❡t ❞✬❡①❝❡♥tr✐❝✐té epl = ✵✱✶✳ P♦✉r ❞❡s ♣❧❛♥èt❡s ❞❡ ♣❧✉s ❢❛✐❜❧❡s ♠❛ss❡s✱ ❧❛ s❛t✉r❛t✐♦♥
❞❡ ❧❛ ❝♦✉r❜❡ ❡st ♠♦✐♥s r❛♣✐❞❡✳
❋✐❣✉r❡ ✺✳✷ ✕ ➱✈♦❧✉t✐♦♥ ❞✉ t❛✉① ❞✬é❥❡❝t✐♦♥ ✭❡♥ ✪✮ ❞❡s ♣❧❛♥étés✐♠❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s ✭❡♥ ❛♥♥é❡s✮✱
s✉r 5 × 108 ❛♥s✱ ♣♦✉r ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞❡ r❛②♦♥s ✐♥t❡r♥❡ ❞❡ ✸✵ ❯❆ ❡t ❡①t❡r♥❡ ❞❡ ✽✵ ❯❆✱ ♣❡rt✉r❜é
♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ ❥♦✈✐❡♥♥❡✱ ♦r❜✐t❛♥t ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ❞✬✉♥❡ ♠❛sss s♦❧❛✐r❡✱ ❞❡ ❞❡♠✐✲❣r❛♥❞
❛①❡ apl = ✸✵ ❯❆ ❡t ❞✬❡①❝❡♥tr✐❝✐té epl = ✵✱✺✳ ▲❛ ❝♦✉r❜❡ s❛t✉r❡ ❛✈❛♥t ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳
❚r♦✐s ✈❛❧❡✉rs ❞❡ ❝❤❛❝✉♥ ❞❡s tr♦✐s ♣❛r❛♠ètr❡s r❡t❡♥✉s ♦♥t été t❡stés✳ ❚r♦✐s ♠❛ss❡s st❡❧❧❛✐r❡s✱
✼✹
❝♦rr❡s♣♦♥❞❛♥t à tr♦✐s t②♣❡s ❞✐✛ér❡♥ts ✿ ✉♥❡ ét♦✐❧❡ ❞❡ t②♣❡ ❆ ✭M∗ = ✷✱✺ ▼⊙✮✱ ✉♥❡ ❞❡ t②♣❡ ●
✭M∗ = ✶ ▼⊙✮ ❡t ✉♥❡ ❞❡ t②♣❡ ▼ ✭M∗ = ✵✱✷✺ ▼⊙✮✳ ❚r♦✐s ♠❛ss❡s ♣❧❛♥ét❛✐r❡s mpl ✿ ✺ ▼J✱ ✶ ▼J✱
✵✱✷ ▼J✱ ♦ù ▼J ❝♦rr❡s♣♦♥❞ à ✉♥❡ ♠❛ss❡ ❥♦✈✐❡♥♥❡✳ ❊♥✜♥✱ tr♦✐s ❡①❝❡♥tr✐❝✐tés epl ✿ ✵✱✶✱ ✵✱✷ ❡t ✵✱✺✳
❯♥❡ ❢r❛❝t✐♦♥ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ❞❡s ❡①♦♣❧❛♥èt❡s ❞é❝♦✉✈❡rt❡s ♦♥t ❡♥ ❡✛❡t ✉♥❡ ❡①❝❡♥tr✐❝✐té ✐♠♣♦r✲
t❛♥t❡ ❀ ❝❡tt❡ ❡①❝❡♥tr✐❝✐té ♣❡✉t ♥♦t❛♠♠❡♥t êtr❡ ❞✉❡ à ❞❡s ✐♥st❛❜✐❧✐tés ❞②♥❛♠✐q✉❡s ❞✉ s②stè♠❡
♣❧❛♥ét❛✐r❡ ♣r✐♠✐t✐❢✱ ❛✐♥s✐ q✉✬❛✉① ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ♣❧❛♥èt❡s ❡t ❧❡ ❞✐sq✉❡ ♣r♦t♦♣❧❛♥ét❛✐r❡
✭❋♦r❞ ❛♥❞ ❘❛s✐♦✱ ✷✵✵✽ ❀ ❘❛②♠♦♥❞ ❡t ❛❧✳✱ ✷✵✶✵✱ ✷✵✶✶✱ ✷✵✶✷✮✳ ▲❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ❧❛ ♣❧❛♥èt❡ apl
❡st ❝❤♦✐s✐ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ❧✬❛♣♦❛str❡ ❞❡ ❧✬♦r❜✐t❡ s♦✐t s✐t✉é à ✸✵ ❯❆ ❞❡ ❧✬ét♦✐❧❡✱ ❝✬❡st✲à✲❞✐r❡ ❛✉
♥✐✈❡❛✉ ❞✉ ❜♦r❞ ✐♥t❡r♥❡ ❞✉ ❞✐sq✉❡ ❀ ❧❡s ❞❡♠✐✲❣r❛♥❞ ❛①❡s ❝♦rr❡s♣♦♥❞❛♥t ❛✉① tr♦✐s ❡①❝❡♥tr✐❝✐tés
❝✐✲❞❡ss✉s s♦♥t ❞♦♥❝ ✿ ✷✼✱✷✼ ❯❆✱ ✷✺ ❯❆ ❡t ✷✵ ❯❆ r❡s♣❡❝t✐✈❡♠❡♥t✳ ▲❛ ♣❧❛♥èt❡ ♦r❜✐t❡ ❞❛♥s ❧❡ ♣❧❛♥
♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ▲❡s rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ❝♦♥❝❡r♥❛♥t ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡
✜♥❛❧❡ ❡t ❧❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ s♦♥t ❞♦♥♥és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✶✳
epl
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✵✱✷ ✶✾✱✾ ✪ ✵✱✷✹ ✵✱✶✹ ✶✱✶✝ ✽✱✾✝
❚❆❇▲❊❆❯ ✺✳✶ ✕ ❚❛✉① ❞✬é❥❡❝t✐♦♥✱ ♠♦②❡♥♥❡s ❡t é❝❛rts✲t②♣❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❡t ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛✲
♥étés✐♠❛✉① r❡st❛♥ts ❞❛♥s ❧❡ ❞✐sq✉❡✱ à ❧✬✐ss✉❡ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ ✭t = 108 ❛♥s✮✱ ♣♦✉r ❞❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s ❞❡ r❛②♦♥s ✐♥t❡r♥❡ ❞❡ ✸✵ ❯❆ ❡t ❡①t❡r♥❡ ❞❡ ✽✵ ❯❆✱ ♣❡rt✉r❜és ♣❛r ✉♥❡ ♣❧❛♥èt❡ ♦r❜✐t❛♥t ❞❛♥s ❧❡
♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❡t ❞✬❛♣♦❛str❡ ✸✵ ❯❆✳
✼✺
✺✳✶✳✷ ❊①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡
▲❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❡✉✈❡♥t ✐♥✢✉❡r s✉r ❧❡s ♣❧❛♥étés✐♠❛✉① ❞❡
♣❧✉s✐❡✉rs ♠❛♥✐èr❡s✳ ▲♦rsq✉❡ ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡s ♣ér✐♦❞❡s ♦r❜✐t❛❧❡s ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❞✬✉♥ ♣❧❛♥é✲
tés✐♠❛❧ ❡st ♣r♦❝❤❡ ❞✬✉♥❡ ❢r❛❝t✐♦♥ r❛t✐♦♥♥❡❧❧❡✱ ♦♥ ❡st ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ rés♦♥❛♥❝❡ ♦r❜✐t❛❧❡✳ ❈❡s
♣❡rt✉r❜❛t✐♦♥s rés♦♥❛♥t❡s ✐♥❞✉✐s❡♥t ❞❡s ♦s❝✐❧❧❛t✐♦♥s r❛♣✐❞❡s ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s ♣❧❛♥été✲
s✐♠❛✉① ✭▼✉rr❛② ❛♥❞ ❉❡r♠♦tt✱ ✶✾✾✾✱ ❝❤❛♣✳ ✽✮✳ ❈❡s rés♦♥❛♥❝❡s ♣❡✉✈❡♥t st❛❜✐❧✐s❡r ❞❡s ♦r❜✐t❡s ♦✉
❧❡s ❞ést❛❜✐❧✐s❡r✳ ❙✉r ✉♥ ❞✐❛❣r❛♠♠❡ a✲e✱ ❡❧❧❡s ❛♣♣❛r❛✐ss❡♥t ❝♦♠♠❡ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣♦✐♥ts ✭♦✉
✉♥❡ ❛❜s❡♥❝❡ ❞❡ ♣♦✐♥ts✮ à ✉♥❡ ❛❜❝✐ss❡ ❞♦♥♥é❡ ✭✈♦✐r ✜❣✉r❡s ✺✳✸✱ ✺✳✹✭❜✮✱ ✺✳✺✭❛✮ ❡t ✺✳✻✭❛✮✮✳
❍♦rs ❞❡s s✐t✉❛t✐♦♥s ❞❡ rés♦♥❛♥❝❡ ♦r❜✐t❛❧❡✱ ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s sé❝✉❧❛✐r❡s ❞❡
❧❛ ♣❧❛♥èt❡✱ ❞✉❡s à s♦♥ ❡①❝❡♥tr✐❝✐té ♦r❜✐t❛❧❡✱ ✈♦♥t ❡♥tr❛î♥❡r ✉♥ ♠♦✉✈❡♠❡♥t ❞✬♦s❝✐❧❧❛t✐♦♥ ❞❡s
é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s ♣❧❛♥étés✐♠❛✉① ✭♣ré❝❡ss✐♦♥ ❞❡s ✈❡❝t❡✉rs ❡①❝❡♥tr✐❝✐té ❡t ✐♥❝❧✐♥❛✐s♦♥s✱ ✈♦✐r
▼✉rr❛② ❛♥❞ ❉❡r♠♦tt ✭✶✾✾✾✮✱ ❝❤❛♣✳ ✼✮✱ ♠❛✐s ❞❡ ❢réq✉❡♥❝❡ ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❞❛♥s ❧❡ ❝❛s rés♦♥❛♥t✳
▲❛ ♣ré❝❡ss✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❡st ❞✉❡ à ❞❡s é❝❤❛♥❣❡s ❞❡ ♠♦♠❡♥t ❝✐♥ét✐q✉❡
❛✈❡❝ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡✳ ▲❛ ❢réq✉❡♥❝❡ ❡t ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❝❡s ♠♦✉✈❡♠❡♥ts ❞✬♦s❝✐❧❧❛t✐♦♥
❞é♣❡♥❞❡♥t ❞❡ ♥♦♠❜r❡✉① ♣❛r❛♠ètr❡s✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❡s ♠❛ss❡s ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❞❡ ❧✬ét♦✐❧❡✱
❧❡ r❛♣♣♦rt ❞❡s ❞❡♠✐✲❣r❛♥❞ ❛①❡s ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❞✉ ♣❧❛♥étés✐♠❛❧✱ ♦✉ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ ♣❧❛♥èt❡✳
❙✉r ✉♥ ❞✐❛❣r❛♠♠❡ a✲e✱ ❧❡s ♣❡rt✉r❜❛t✐♦♥s sé❝✉❧❛✐r❡s ❛♣♣❛r❛✐ss❡♥t ❝♦♠♠❡ ✉♥❡ ♦s❝✐❧❧❛t✐♦♥ ✈❡rt✐✲
❝❛❧❡ ❞❡s ♣♦✐♥ts r❡♣rés❡♥t❛♥t ❧❡s ♣❧❛♥étés✐♠❛✉①✱ à ✉♥❡ ❢réq✉❡♥❝❡ ❞é♣❡♥❞❛♥t ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡
✭❞♦♥❝ ❞❡ ❧✬❛❜s❝✐ss❡✮ ✭♣❛r ❡①❡♠♣❧❡✱ ❞✬❛♣rès ♥♦s s✐♠✉❧❛t✐♦♥s✱ ♣♦✉r M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J✱
epl = ✵✱✷ ❡t apl = ✷✺ ❯❆✱ ❧❛ ♣ér✐♦❞❡ ❞❡ ♣ré❝❡ss✐♦♥ ❞✬✉♥ ♣❧❛♥étés✐♠❛❧ ❞❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ✽✵ ❯❆
❡st ❞❡ 7,6× 106 ❛♥s ❀ ❡❧❧❡ ❡st ❞❡ 2,2× 106 à ✻✵ ❯❆ ❡t ❞❡ 0,9× 106 à ✺✵ ❯❆✮✳
❉✬❛♣rès ❧❡ t❛❜❧❡❛✉ ✺✳✶✱ ❧✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ à ❧✬✐ss✉❡ ❞❡s s✐✲
♠✉❧❛t✐♦♥s✱ ❛♣rès ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞✬✐♥té❣r❛t✐♦♥✱ ❡st ❝♦♠♣r✐s❡ ❡♥tr❡ ✵✱✵✼✼ ❡t ✵✱✶✵✷ ❧♦rsq✉❡
epl = ✵✱✶ ❀ ❡♥tr❡ ✵✱✶✷ ❡t ✵✱✶✺ ❧♦rsq✉❡ epl = ✵✱✷ ❡t ❡♥tr❡ ✵✱✷✷ ❡t ✵✱✷✻ ❧♦rsq✉❡ epl = ✵✱✺✳ ❈❡tt❡
♠♦②❡♥♥❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① s❡♠❜❧❡ ❞é♣❡♥❞r❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡ ❧✬❡①❝❡♥tr✐❝✐té
❞❡ ❧❛ ♣❧❛♥èt❡✱ ❡t ❛ss❡③ ♣❡✉ ❞❡s ♠❛ss❡s st❡❧❧❛✐r❡ ❡t ♣❧❛♥ét❛✐r❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✽✮✳ ◆♦✉s ❛✈♦♥s ❡①❛✲
♠✐♥é ❧❡s ❞✐❛❣r❛♠♠❡s a✲e ❞❡ ♥♦s s✐♠✉❧❛t✐♦♥s ❡t ② ❛✈♦♥s ❝♦♥st❛té ❧❡s ♠ê♠❡s str✉❝t✉r❡s ✭✈♦✐r ❧❡s
✜❣✉r❡s ✺✳✸ à ✺✳✻✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧✬é❝❛rt✲t②♣❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❛✉❣♠❡♥t❡ ❛✈❡❝
❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✼✮✳ ▲❛ ♠❛❥♦r✐té ❞❡s ♣❧❛♥étés✐♠❛✉① s✉❜✐ss❡♥t ✉♥ ♠♦✉✈❡♠❡♥t
❞❡ ♣ré❝❡ss✐♦♥ ❞û ❛✉① ♣❡rt✉r❜❛t✐♦♥s sé❝✉❧❛✐r❡s ❞❡ ❧❛ ♣❧❛♥èt❡ ❀ ♣♦✉r ❧✬❡ss❡♥t✐❡❧✱ ❝✬❡st ❝❡ ♠♦✉✈❡✲
♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ q✉✐ ❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉①✳
◆♦✉s ♥✬❛✈♦♥s ❝♦♥st❛té ❛✉❝✉♥❡ str✉❝t✉r❡ ❞❛♥s ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❛r❣✉♠❡♥ts ❞❡s ♣ér✐❛s✲
tr❡s ❞❡s ♣❧❛♥étés✐♠❛✉①✱ à ❛✉❝✉♥ ♠♦♠❡♥t ❞❡ ♥♦s s✐♠✉❧❛t✐♦♥s✳ ▲❛ ✜❣✉r❡ ✺✳✾ ✐❧❧✉str❡ ❝❡ ❢❛✐t✱ ❡♥
♠♦♥tr❛♥t ❧❡s ✈❡❝t❡✉rs ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉✬à ✉♥
❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞♦♥♥é✱ ❧❡s ♣❧❛♥étés✐♠❛✉① ❛②❛♥t ✉♥❡ ♠ê♠❡ ❡①❝❡♥tr✐❝✐té ♣❡✉✈❡♥t ❛✈♦✐r ❞❡s ♣ér✐✲
❛str❡s ❞✐✛ér❡♥ts✳ ▲❡s ❝r♦✐s❡♠❡♥ts ❡♥tr❡ ❧❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ❞♦♥❝ ♣r♦❜❛❜❧❡s ✭❡t
✐♥é✈✐t❛❜❧❡s s✐ ❧❡s ♦r❜✐t❡s s♦♥t ❝♦♣❧❛♥❛✐r❡s✮✱ ♣♦✉✈❛♥t ♠❡♥❡r à ❞❡s ❝♦❧❧✐s✐♦♥s ❞❡str✉❝tr✐❝❡s ❡♥tr❡
❧❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✳
❈♦♠♠❡ ❧✬✐♥❞✐q✉❡ ❧❡ t❛❜❧❡❛✉ ✺✳✶✱ ❧❛ ♠♦②❡♥♥❡ ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❡st ♣❡✉
❞✐✛ér❡♥t❡ ❞❡ ❧❛ ♠♦②❡♥♥❡ ✐♥✐t✐❛❧❡✳ ▲❡s ♣❧❛♥étés✐♠❛✉① s♦✉♠✐s ❛✉ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❝♦♥✲
s❡r✈❡♥t ❧❡✉r ✐♥❝❧✐♥❛✐s♦♥ ✐♥✐t✐❛❧❡✳ ❙❡✉❧s ❧❡s ♣❧❛♥étés✐♠❛✉① ❝❛♣t✉rés ❡♥ rés♦♥❛♥❝❡ ❞❡ ♠♦②❡♥ ♠♦✉✈❡✲
♠❡♥t✱ ❡t ♣❧✉s ❡♥❝♦r❡ ❝❡✉① ❛②❛♥t s✉❜✐ ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s✱ ✈♦✐❡♥t ❧❡✉r ✐♥❝❧✐♥❛✐s♦♥ ❛✉❣♠❡♥t❡r✱
♣❛r❢♦✐s ❥✉sq✉✬à ❞❡ très ❣r❛♥❞❡s ✈❛❧❡✉rs✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡ q✉❡ ❧❡s é❝❛rts✲t②♣❡s ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ❞❡s
♣❧❛♥étés✐♠❛✉① ♣✉✐ss❡♥t êtr❡ ❞❡ ❧✬♦r❞r❡ ❞❡ ♣❧✉s✐❡✉rs ❞❡❣rés✳
✼✻
❋✐❣✉r❡ ✺✳✸ ✕ ❉✐❛❣r❛♠♠❡ r❡♣rés❡♥t❛♥t ❧✬❡①❝❡♥tr✐❝✐té e ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ a ❞❡ ❧❛ ♣❧❛♥èt❡
✭❛stér✐sq✉❡ ♥♦✐r✮ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ✭♣♦✐♥ts r♦✉❣❡s✮✱ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭t = 108 ❛♥s✮✱ ♣♦✉r
M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J✱ apl = ✷✺ ❯❆ ❡t epl = ✵✱✷✳ ✷✸✱✹ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t été é❥❡❝tés✳ ❊♥ ❞❡çà
❞❡ ✹✷ ❯❆✱ s❡✉❧s s✉❜s✐t❡♥t ❧❡s ♣❧❛♥étés✐♠❛✉① ♣✐é❣és ❡♥ rés♦♥❛♥❝❡ ❞❡ ♠♦②❡♥ ♠♦✉✈❡♠❡♥t ❛✈❡❝ ❧❛ ♣❧❛♥èt❡✱
❛✉✲❞❡❧à✱ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞♦♠✐♥❡✳
✭❛✮ M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J✱ epl = ✵✱✶✱ apl = ✷✼✱✷✼
❯❆
✭❜✮ M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J✱ epl = ✵✱✺✱ apl = ✷✵ ❯❆
❋✐❣✉r❡ ✺✳✹ ✕ ❉✐❛❣r❛♠♠❡s r❡♣rés❡♥t❛♥t ❧✬❡①❝❡♥tr✐❝✐té e ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ a ❞❡ ❧❛ ♣❧❛♥èt❡
✭❛stér✐sq✉❡ ♥♦✐r✮ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ✭♣♦✐♥ts r♦✉❣❡s✮✱ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭t = 108 ❛♥s✮✱ ♣♦✉r
M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J✳ ❊♥ ✺✳✹✭❛✮✱ apl = ✷✼✱✷✼ ❯❆✱ epl = ✵✱✶ ❡t ✶✼✱✺ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t
été é❥❡❝tés✳ ❊♥ ✺✳✹✭❜✮✱ apl = ✷✵ ❯❆✱ epl = ✵✱✺ ❡t ✷✵✱✺ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t été é❥❡❝tés✳ ▲❛ ❝♦♠✲
♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ✜❣✉r❡ ✺✳✸ ♠♦♥tr❡ q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♦s❝✐❧❧❛t✐♦♥s ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉①
✭♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥✮ ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡✳
✼✼
✭❛✮ M∗ = ✶ ▼⊙✱ mpl = ✵✱✷ ▼J✱ epl = ✵✱✷✱ apl = ✷✺
❯❆
✭❜✮ M∗ = ✶ ▼⊙✱ mpl = ✺ ▼J✱ epl = ✵✱✷✱ apl = ✷✺ ❯❆
❋✐❣✉r❡ ✺✳✺ ✕ ❉✐❛❣r❛♠♠❡s r❡♣rés❡♥t❛♥t ❧✬❡①❝❡♥tr✐❝✐té e ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ a ❞❡ ❧❛ ♣❧❛♥èt❡
✭❛stér✐sq✉❡ ♥♦✐r✮ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ✭♣♦✐♥ts r♦✉❣❡s✮✱ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭t = 108 ❛♥s✮✱ ♣♦✉r
M∗ = ✶ ▼⊙✱ apl = ✷✺ ❯❆ ❡t epl = ✵✱✷✳ ❊♥ ✺✳✺✭❛✮✱ mpl = ✵✱✷ ▼J ❡t ✾✱✹ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t
été é❥❡❝tés✳ ▲❡ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① ② ❡st ♣❧✉s ❧❡♥t✳ ❊♥ ✺✳✺✭❜✮✱ mpl = ✺ ▼J
❡t ✹✵✱✼ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t été é❥❡❝tés✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ✜❣✉r❡ ✺✳✸ ♠♦♥tr❡ q✉❡ ❧✬✐♥tér✐❡✉r
❞✉ ❞✐sq✉❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❡✣❝❛❝❡♠❡♥t ♣✉r❣é q✉❡ ❧❛ ♣❧❛♥èt❡ ❡st ♠❛ss✐✈❡✳ ❖♥ ❞✐st✐♥❣✉❡ ❡♥ ✺✳✺✭❛✮ ❞❡s
♣❧❛♥étés✐♠❛✉① ❞✐s♣❡rsés ♠❛✐s ♥♦♥ ❡♥❝♦r❡ é❥❡❝tés ♣❛r ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❛✈❡❝ ❧❛ ♣❧❛♥èt❡✳
✭❛✮ M∗ = ✷✱✺ ▼⊙✱ mpl = ✶ ▼J✱ epl = ✵✱✷✱ apl = ✷✺
❯❆
✭❜✮ M∗ = ✵✱✷✺ ▼⊙✱ mpl = ✶ ▼J✱ epl = ✵✱✷✱ apl = ✷✺
❯❆
❋✐❣✉r❡ ✺✳✻ ✕ ❉✐❛❣r❛♠♠❡s r❡♣rés❡♥t❛♥t ❧✬❡①❝❡♥tr✐❝✐té e ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ a ❞❡ ❧❛ ♣❧❛♥èt❡
✭❛stér✐sq✉❡ ♥♦✐r✮ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ✭♣♦✐♥ts r♦✉❣❡s✮✱ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭t = 108 ❛♥s✮✱ ♣♦✉r
mpl = ✶ ▼J✱ apl = ✷✺ ❯❆ ❡t epl = ✵✱✷✳ ❊♥ ✺✳✻✭❛✮✱ M∗ = ✷✱✺ ▼⊙ ❡t ✶✻✱✼ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t été
é❥❡❝tés✳ ▲❡ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① ② ❡st ♣❧✉s ❧❡♥t✳ ❊♥ ✺✳✻✭❜✮✱ M∗ = ✵✱✷✺ ▼⊙ ❡t
✸✻✱✾ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t été é❥❡❝tés✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ✜❣✉r❡ ✺✳✸ ♠♦♥tr❡ q✉❡ ❧✬✐♥tér✐❡✉r ❞✉
❞✐sq✉❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❡✣❝❛❝❡♠❡♥t ♣✉r❣é q✉❡ ❧✬ét♦✐❧❡ ❡st ♣❡✉ ♠❛ss✐✈❡✳
✼✽
✭❛✮ M∗ = ✶ ▼⊙✱ mpl = ✵✱✷ ▼J✱ epl = ✵✱✷✱ apl = ✷✺
❯❆
✭❜✮ M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J✱ epl = ✵✱✷✱ apl = ✷✺ ❯❆ ✭❝✮ M∗ = ✶ ▼⊙✱ mpl = ✺ ▼J✱ epl = ✵✱✷✱ apl = ✷✺ ❯❆
❋✐❣✉r❡ ✺✳✼ ✕ ❍✐st♦❣r❛♠♠❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜és ♣❛r ✉♥❡ ♣❧❛♥èt❡
❞✬é❧é♠❡♥ts ♦r❜✐t❛✉① a = ✷✺ ❯❆ ❡t e = ✵✱✷✱ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ❞✬✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✱ à ❧✬✐ss✉❡ ❞❡s
✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ♣♦✉r tr♦✐s ♠❛ss❡s ♣❧❛♥ét❛✐r❡s ✭❝❡❧❧❡s ❞❡s ✜❣✉r❡s ✺✳✸ ❡t ✺✳✺✮✳
✼✾
❋✐❣✉r❡ ✺✳✽ ✕ ▼♦②❡♥♥❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥ ❞✐sq✉❡ ✭✸✵✲✽✵ ❯❆✮ ♣❡rt✉r❜é ♣❛r ✉♥❡
♣❧❛♥èt❡ ✐♥t❡r♥❡ ❞✬❛♣♦❛str❡ ✸✵ ❯❆ ❡t ♦r❜✐t❛♥t ❞❛♥s ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té
epl ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❝❡tt❡ ♣❧❛♥èt❡✱ à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳ ▲❡s ❞♦♥♥é❡s
s♦♥t ❝❡❧❧❡s ❞✉ t❛❜❧❡❛✉ ✺✳✶✳ ▲❡s ♣♦✐♥ts ❜❧❡✉s ❝♦rr❡s♣♦♥❞❡♥t à ✉♥❡ ♠❛ss❡ st❡❧❧❛✐r❡ M∗ = ✷✱✺ ▼⊙✱ ❧❡s ♣♦✐♥ts
✈❡rts à M∗ = ✶ ▼⊙ ❡t ❧❡s ♣♦✐♥ts r♦✉❣❡s à M∗ = ✵✱✷✺ ▼⊙✳ ▲❛ ❢♦r♠❡ ❞❡s ♣♦✐♥ts s②♠❜♦❧✐s❡ ❧❛ ♠❛ss❡ ❞❡
❧❛ ♣❧❛♥èt❡✳
▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❞é♣❡♥❞ ❞♦♥❝ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛
♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡✳ ❇❡❛✉❝♦✉♣ ❞✬❡①♦♣❧❛♥èt❡s ♦♥t ❞❡s ❡①❝❡♥tr✐❝✐tés ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡s ✭✈♦✐r ✜✲
❣✉r❡ ✶✳✽✮✱ ❡t ♣❡✉✈❡♥t ❞♦♥❝ êtr❡ à ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞❡
❧❡✉r s②stè♠❡✱ ❡t ② ❢❛✈♦r✐s❡r ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉①✱ ❡t ❞♦♥❝ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉s✲
s✐èr❡✳ ▲❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ♣❧❛♥èt❡ à ♣r♦①✐♠✐té ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ s✐ ❡❧❧❡ ♥❡ ❧❡ ♣✉r❣❡ ♣❛s✱ ♣❡✉t
❞♦♥❝ ❢❛✈♦r✐s❡r ❧✬♦❜s❡r✈❛❜✐❧✐té ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳ ▲❡s ♠♦②❡♥♥❡s ❡t é❝❛rts✲t②♣❡s ❞ét❡r♠✐♥és ♣❛r
♥♦s s✐♠✉❧❛t✐♦♥s ♣❡r♠❡tt❡♥t ❞❡ ❞✐s❝✉t❡r ❧✬ét❛t ❞✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❛❞♦♣té ❞❛♥s ❧❡s ♠♦❞è❧❡s
❞✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s s✉❜✐ss❛♥t ✉♥❡ ér♦s✐♦♥ ♣❛r ❝♦❧❧✐s✐♦♥s✱ ❝♦♠♠❡ ♣rés❡♥tés ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✻✳
✺✳✶✳✸ P✉r❣❡ ❞✉ ❞✐sq✉❡
▲❡s ♦s❝✐❧❧❛t✐♦♥s ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① r❡♥❞❡♥t ♣r♦❜❛❜❧❡s ❧❡s ❝r♦✐s❡♠❡♥ts ❡♥tr❡
❧❡s ♦r❜✐t❡s ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉①✳ ▲♦rs ❞✬✉♥❡ r❡♥❝♦♥tr❡ ♣r♦❝❤❡ ❛✈❡❝ ❧❛ ♣❧❛♥èt❡✱ ✉♥
♣❧❛♥étés✐♠❛❧ ♣❡✉t s♦✐t s❡ s❛t❡❧❧✐s❡r ❛✉t♦✉r ❞❡ ❧❛ ♣❧❛♥èt❡ ✭✈♦✐r❡ s✬é❝r❛s❡r s✉r ❡❧❧❡✮✱ s♦✐t ✈♦✐r s♦♥
♦r❜✐t❡ t♦t❛❧❡♠❡♥t ♠♦❞✐✜é❡✱ ♣❛r tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ ❛✈❡❝ ❧❛ ♣❧❛♥èt❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s
❞❡ ❧❛ r❡♥❝♦♥tr❡ ✭♣❛r❛♠ètr❡ ❞✬✐♠♣❛❝t✱ ✈✐t❡ss❡s✱ ✳✳✳✮✱ ❡t ❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❛ ♣❧❛♥èt❡ ❡st ♠❛ss✐✈❡✳
❉❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ❧❡s ♣❛r❛♠ètr❡s ❞❡ ❧❛ r❡♥❝♦♥tr❡ ♣r♦❝❤❡ s♦♥t q✉❛s✐ ❛❧é❛t♦✐r❡s✳ ▲❡ ♣❧❛♥é✲
tés✐♠❛❧ ♣❡✉t ❛✐♥s✐ s❡ r❡tr♦✉✈❡r s✉r ✉♥❡ ♦r❜✐t❡ très ❡①❝❡♥tr✐q✉❡ ❡t✴♦✉ ✐♥❝❧✐♥é❡✳ ◆é❛♥♠♦✐♥s✱ ❝❡tt❡
♦r❜✐t❡ ❧❡ r❛♠è♥❡ ré❣✉❧✐èr❡♠❡♥t ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ❧❛ ♣ré❝é❞❡♥t❡ r❡♥❝♦♥tr❡ ♣r♦❝❤❡✱ ❝❡ q✉✐ ❛❝❝r♦ît
❧❛ ♣♦ss✐❜✐❧✐té ❞✬✉♥❡ ♥♦✉✈❡❧❧❡ r❡♥❝♦♥tr❡ ❛✈❡❝ ❧❛ ♣❧❛♥èt❡✳ ❙✉r ✉♥ ❞✐❛❣r❛♠♠❡ a✲e✱ ❧❡s ♣❧❛♥étés✐✲
♠❛✉① ❛②❛♥t s✉❜✐ ✉♥❡ r❡♥❝♦♥tr❡ ♣r♦❝❤❡ ❢♦r♠❡r♦♥t ✉♥ ♥✉❛❣❡ ❞❡ ♣♦✐♥t s❛♥s str✉❝t✉r❡ ♣❛rt✐❝✉❧✐èr❡✳
■❧s s♦♥t ❞✐s♣❡rsés s❛♥s êtr❡ é❥❡❝tés✳ ▲❛ ③♦♥❡ ❞❡ ❝❡ ❞✐❛❣r❛♠♠❡ ♦ù ❧❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s s♦♥t
♣♦ss✐❜❧❡s ✭❝r♦✐s❡♠❡♥t ❞❡s ♦r❜✐t❡s✱ ❞❛♥s ❧✬❤②♣♦t❤ès❡ ♦ù ❡❧❧❡s s♦♥t ❝♦♣❧❛♥❛✐r❡s✮ ❡st ♠♦♥tré❡ ✜❣✉r❡
✽✵
❋✐❣✉r❡ ✺✳✾ ✕ ❈❛rt❡ ❞❡s ✈❡❝t❡✉rs ❡①❝❡♥tr✐❝✐tés ❞❡ ❧❛ ♣❧❛♥èt❡ ✭❛stér✐sq✉❡ ♥♦✐r✮ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉①
✭♣♦✐♥ts r♦✉❣❡s ♣♦✉r ❝❡✉① ❞✉ ❞✐sq✉❡✱ ❜❧❡✉s ♣♦✉r ❧❡s é❥❡❝tés✮✱ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭t = 108 ❛♥s✮✱
♣♦✉r M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J✱ apl = ✷✺ ❯❆ ❡t epl = ✵✱✷✳ ▲❡s ✈❡❝t❡✉rs ❡①❝❡♥tr✐❝✐tés ♦♥t ♣♦✉r ♥♦r♠❡
❧✬❡①❝❡♥tr✐❝✐té e ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t ❧✬❛♥❣❧❡ ❛✈❡❝ ❧✬❛①❡ ❞❡s ❛❜❝✐ss❡ ❡st é❣❛❧ à ❧✬❛r❣✉♠❡♥t ❞✉ ♣ér✐❛str❡
ω✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❛③✐♠✉t❛❧❡ ❞❡s ♣ér✐❛str❡s ❡st ❛❧é❛t♦✐r❡ à t♦✉s ❧❡s ♠♦♠❡♥ts ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❝❡ q✉✐
♣❡r♠❡t ❧❡s ❝r♦✐s❡♠❡♥ts ❡♥tr❡ ❧❡s ♦r❜✐t❡s ❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❡t ❞♦♥❝ ❧❡s ❝♦❧❧✐s✐♦♥s✳
✺✳✶✵✱ ♣♦✉r ✐❧❧✉str❛t✐♦♥✳
P♦✉r q✉❡ ❧❡ ♣❧❛♥étés✐♠❛❧ s♦✐t é❥❡❝té ❞✉ s②stè♠❡✱ ✐❧ ❢❛✉t q✉❡ s❛ ✈✐t❡ss❡ ❛tt❡✐❣♥❡ ❧❛ ✈✐t❡ss❡ ❞❡
❧✐❜ér❛t✐♦♥ ❞✉ s②stè♠❡ st❡❧❧❛✐r❡✱ ❧❛q✉❡❧❧❡ ❛✉❣♠❡♥t❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧✬ét♦✐❧❡✳ ❈❡❧❛ ♣❡✉t
s❡ ♣r♦❞✉✐r❡ à ❧❛ s✉✐t❡ ❞✬✉♥❡ ♦✉ ♣❧✉s✐❡✉rs r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❛✈❡❝ ❧❛ ♣❧❛♥èt❡✳ P❧✉s ❧❛ ♣❧❛♥èt❡
❡st ♠❛ss✐✈❡✱ ♣❧✉s ❡❧❧❡ ♣❡✉t tr❛♥s❢ér❡r ❛✉ ♣❧❛♥étés✐♠❛❧ ❞❡s q✉❛♥t✐tés ✐♠♣♦rt❛♥t❡s ❞✬é♥❡r❣✐❡✱ ❡t
❞♦♥❝ ♣❧✉s ❡❧❧❡ s❡r❛ ❡✣❝❛❝❡ ♣♦✉r é❥❡❝t❡r ❧❡s ♣❧❛♥étés✐♠❛✉① q✉✐ s✬❛♣♣r♦❝❤❡♥t ❞✬❡❧❧❡✳ ❊❧❧❡ ♣♦✉rr❛
❛✐♥s✐ ✓ ♥❡tt♦②❡r ✔ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❡s ♣❡rt✉r❜❛t✐♦♥s rés♦♥❛♥t❡s ♦✉ sé❝✉❧❛✐r❡s ❞✬✉♥❡ ♣❧❛♥èt❡
s✉✣s❛♠♠❡♥t ♠❛ss✐✈❡ ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t ❞ést❛❜✐❧✐s❡r ❧✬♦r❜✐t❡ ❞✬✉♥ ♣❧❛♥étés✐♠❛❧ s❛♥s r❡♥❝♦♥tr❡
♣r♦❝❤❡✳
▲❛ ♣✉r❣❡ ❝♦♥❝❡r♥❡ ❞♦♥❝ ❧❡s ♣❧❛♥étés✐♠❛✉① q✉✐ s♦♥t s✉s❝❡♣t✐❜❧❡s ❞❡ s✬❛♣♣r♦❝❤❡r ❞❡ ❧❛ ♣❧❛♥èt❡✳
▲❡ t❛❜❧❡❛✉ ✺✳✶✱ ✐❧❧✉stré ♣❛r ❧❛ ✜❣✉r❡ ✺✳✶✶✱ ♠♦♥tr❡ ❜✐❡♥ q✉❡ ❧❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s
✐♠♣♦rt❛♥t❡ q✉❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st ❣r❛♥❞❡ ❡t q✉❡ ❝❡❧❧❡ ❞❡ ❧✬ét♦✐❧❡ ❡st ♣❡t✐t❡✳ ❈❡tt❡ ❞é♣❡♥✲
❞❛♥❝❡ ❡st ❛tt❡♥❞✉❡ ✿ ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ✭tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡✮ q✉❡ ❧❛ ♣❧❛♥èt❡
✐♥✢✐❣❡ ❛✉① ♣❧❛♥étés✐♠❛✉① s♦♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡s à s❛ ♠❛ss❡ mpl✱ ❛❧♦rs q✉✬✉♥❡ ❣r❛♥❞❡ ♠❛ss❡
st❡❧❧❛✐r❡ ❛✉❣♠❡♥t❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧✐❜ér❛t✐♦♥ ♥é❝❡ss❛✐r❡ ♣♦✉r q✉✬✉♥ ♣❧❛♥étés✐♠❛❧ s♦✐t é❥❡❝té ❞✉
s②stè♠❡ ✭vlib ∝
√
M∗✮✳ ❉❛♥s ❧❡ ❝❛s ❧❡ ♣❧✉s ❡①trê♠❡ ✭♣❧❛♥èt❡ ❞❡ ✺ ♠❛ss❡s ❥♦✈✐❡♥♥❡s ❛✉t♦✉r ❞✬✉♥❡
✽✶
❋✐❣✉r❡ ✺✳✶✵ ✕ ❩♦♥❡ ❞✉ ❞✐❛❣r❛♠♠❡ a✲e ❝♦rr❡s♣♦♥❞❛♥t ❛✉① é❧é♠❡♥ts ♦r❜✐t❛✉① ♦ù ❧❡s ♣❧❛♥étés✐♠❛✉①
♣❡✉✈❡♥t ❛✈♦✐r ✉♥❡ r❡♥❝♦♥tr❡ ♣r♦❝❤❡ ❛✈❡❝ ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ apl = ✷✵ ❯❆ ❡t ❞✬❡①❝❡♥tr✐❝✐té
epl =✵✱✺✳ ▲❛ ♣❧❛♥èt❡ ❛ ❞♦♥❝ ✉♥ ♣ér✐❛str❡ ❞❡ ✶✵ ❯❆ ❡t ✉♥ ❛♣♦❛str❡ ❞❡ ✸✵ ❯❆✳ ▲❡s ♣❧❛♥étés✐♠❛✉①
tr❛✈❡rs❛♥t ❝❡tt❡ ③♦♥❡ s❡ ✈❡rr♦♥t ❞♦♥❝ ❞✐s♣❡rsés ♦✉ é❥❡❝tés✳
ét♦✐❧❡ ▼✮✱ ♣❧✉s ❞❡ ❧❛ ♠♦✐t✐é ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ s♦♥t é❥❡❝tés✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ ♣✉r❣❡
❞✉ ❞✐sq✉❡ ♥❡ s❡♠❜❧❡ ♣❛s ❞é♣❡♥❞r❡ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✶✶✮✳
❋✐❣✉r❡ ✺✳✶✶ ✕ ❚❛✉① ❞✬é❥❡❝t✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥ ❞✐sq✉❡ ✭✸✵✲✽✵ ❯❆✮ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡
✐♥t❡r♥❡ ❞✬❛♣♦❛str❡ ✸✵ ❯❆ ❡t ♦r❜✐t❛♥t ❞❛♥s ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ r❛♣♣♦rt ❞❡ ♠❛ss❡
M∗/mpl✱ à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳ ▲❡s ❞♦♥♥é❡s s♦♥t ❝❡❧❧❡s ❞✉ t❛❜❧❡❛✉
✺✳✶✳ ▲❡s ♣♦✐♥ts ❜❧❡✉s ❝♦rr❡s♣♦♥❞❡♥t à ✉♥❡ ♠❛ss❡ st❡❧❧❛✐r❡ M∗ = ✷✱✺ ▼⊙✱ ❧❡s ♣♦✐♥ts ✈❡rts à M∗ = ✶ ▼⊙
❡t ❧❡s ♣♦✐♥ts r♦✉❣❡s à M∗ = ✵✱✷✺ ▼⊙✳ ▲❛ ❢♦r♠❡ ❞❡s ♣♦✐♥ts s②♠❜♦❧✐s❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡✱ ❧❡✉r t❛✐❧❧❡
s♦♥ ❡①❝❡♥tr✐❝✐té✳
▲❡s ✜❣✉r❡s ✺✳✸ à ✺✳✻ ♠♦♥tr❡♥t ❜✐❡♥ q✉❡ ❝✬❡st ❧✬✐♥tér✐❡✉r ❞✉ ❞✐sq✉❡ q✉✐ ❡st ♣✉r❣é✳ ▲❛ ♣❧❛♥èt❡
♥❡ ♣é♥ètr❡ ♣❛s ❞❛♥s ❧❡ ❞✐sq✉❡✱ ♠❛✐s ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① ❛♠è♥❡
✽✷
❧❡ ♣ér✐❛str❡ ❞❡s ♣❧✉s ✐♥t❡r♥❡s ❞✬❡♥tr❡ ❡✉① à ❞❡s❝❡♥❞r❡ ❡♥ ❞❡ss♦✉s ❞❡ ✸✵ ❯❆✳ ▲❡✉r ♦r❜✐t❡ ❝r♦✐s❡
❞♦♥❝ ❝❡❧❧❡ ❞❡ ❧❛ ♣❧❛♥èt❡✱ ❡t ❧❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❞❡✈✐❡♥♥❡♥t ♣♦ss✐❜❧❡s✳ ❈❡s ♣❧❛♥étés✐♠❛✉① s♦♥t
❞♦♥❝ ❞✐s♣❡rsés s✉r ❞❡s ♦r❜✐t❡s ❛❧é❛t♦✐r❡♠❡♥t ✐♥❝❧✐♥é❡s ❡t ❡①❝❡♥tr✐q✉❡s✱ ♣✉✐s ♣r♦❣r❡ss✐✈❡♠❡♥t
✭❡t ❞✬❛✉t❛♥t ♣❧✉s ✈✐t❡ q✉❡ ❧❛ ♣❧❛♥èt❡ ❡st ♠❛ss✐✈❡✮ é❥❡❝tés✳ ▲❡s ré❣✐♦♥s ✐♥t❡r♥❡s ❞✉ ❞✐sq✉❡ s♦♥t
❞♦♥❝ ♥❡tt♦②é❡s✳ ▲❡s ♣❧❛♥étés✐♠❛✉① ❝❛♣t✉rés ❡♥ rés♦♥❛♥❝❡ ❞❡ ♠♦②❡♥ ♠♦✉✈❡♠❡♥t s♦♥t ♥é❛♥♠♦✐♥s
♣rés❡r✈és ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s✱ ❡t ♣❡✉✈❡♥t s✉r✈✐✈r❡ ❞❛♥s ❧❡s ré❣✐♦♥s ✐♥t❡r♥❡s ❞✉ ❞✐sq✉❡✱ ♠❛✐s
à ✉♥❡ ❝❡rt❛✐♥❡ ❞✐st❛♥❝❡ ❛③✐♠✉t❛❧❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✶✷✮✳
❋✐❣✉r❡ ✺✳✶✷ ✕ P♦s✐t✐♦♥s ❞❡ ❧❛ ♣❧❛♥èt❡ ✭❛stér✐sq✉❡ ♥♦✐r✮ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡ ✈✉ ❞❡
❞❡ss✉s✱ à ❧❛ ✜♥ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭t = 108 ❛♥s✮✱ ♣♦✉r M∗ = ✵✱✷✺ ▼⊙✱ mpl = ✵✱✷ ▼J✱ apl = ✷✺ ❯❆ ❡t
epl = ✵✱✷✳ ▲✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st r❡♣rés❡♥té❡ ❡♥ ❜❧❡✉✳ ❉❡s ♣❧❛♥étés✐♠❛✉① ♣✐é❣és ❡♥ rés♦♥❛♥❝❡ ❞❡
♠♦②❡♥ ♠♦✉✈❡♠❡♥t s♦♥t ♣rés❡♥ts ❞❛♥s ❧❛ ré❣✐♦♥ ✐♥t❡r♥❡ ❞✉ ❞✐sq✉❡ ✿ ♣r♦té❣és ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ♣❛r
❧❛ rés♦♥❛♥❝❡ q✉✐ ♠❛✐♥t✐❡♥t ❧❛ sé♣❛r❛t✐♦♥ ❛♥❣✉❧❛✐r❡ ❛✈❡❝ ❧❛ ♣❧❛♥èt❡✱ ✐❧s ♦♥t é❝❤❛♣♣é à ❧❛ ♣✉r❣❡ ♣❛r ❧❛
♣❧❛♥èt❡ ❞❡ ❧❛ ré❣✐♦♥ ✐♥t❡r♥❡ ❞✉ ❞✐sq✉❡✳
✺✳✶✳✹ ❙tr✉❝t✉r❛t✐♦♥ ❞✉ ❞✐sq✉❡
❉❡s str✉❝t✉r❡s s♣✐r❛❧❡s✱ ❞✉ ♠ê♠❡ t②♣❡ q✉❡ ❝❡❧❧❡s ❞é❝r✐t❡s ❛✉ ❝❤❛♣✐tr❡ ✹✱ ❛♣♣❛r❛✐ss❡♥t ❞❛♥s
❧❡s ❞✐sq✉❡s ❀ ♠❛✐s ❡❧❧❡s s♦♥t tr❛♥s✐t♦✐r❡s ❡t ❞✐s♣❛r❛✐ss❡♥t ❛✉ ❜♦✉t ❞❡ q✉❡❧q✉❡s ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳
➚ ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡s s✐♠✉❧❛t✐♦♥s✱ ❛✉❝✉♥❡ str✉❝t✉r❡ ✐♥t❡r♥❡ ♥✬❡st ✈✐s✐❜❧❡ ❞❛♥s
❧❡s ❞✐sq✉❡s✱ ♠❛✐s ❝❡✉①✲❝✐ s♦♥t ✓ ❞é❝❡♥trés ✔ ✿ ❧❡ ❝❡♥tr❡ ❣é♦♠étr✐q✉❡ ❞✉ ❞✐sq✉❡ ♥❡ ❝♦ï♥❝✐❞❡ ♣❧✉s
❛✈❡❝ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❀ ❧❡ ❞é❝❛❧❛❣❡ ❡♥tr❡ ❧❡s ❞❡✉① ❞é♣❡♥❞ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r✲
❜❛tr✐❝❡ ✿ ✐❧ ❡st ❞✬❡♥✈✐r♦♥ ✸ ❯❆ ❧♦rsq✉❡ epl = ✵✱✶✱ ❞✬❡♥✈✐r♦♥ ✺ ❯❆ ❧♦rsq✉❡ epl = ✵✱✷ ❡t ❞✬❡♥✈✐r♦♥
✶✵ ❯❆ ❧♦rsq✉❡ epl = ✵✱✺✳ ▲❡s str✉❝t✉r❡s ❞✉❡s ❛✉① rés♦♥❛♥❝❡s ❞❡ ♠♦②❡♥ ♠♦✉✈❡♠❡♥t ♣❡✉✈❡♥t
♣❡rs✐st❡r ❞❛♥s ❧❡ ❞✐sq✉❡ ❡♥ ❝❛s ❞❡ ♠✐❣r❛t✐♦♥ ♣❧❛♥ét❛✐r❡ ✭❲②❛tt✱ ✷✵✵✸✮ ❀ ❝❡t ❡✛❡t ♥✬❡st ❞♦♥❝ ♣❛s
✽✸
♦❜s❡r✈❛❜❧❡ ❞❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✳
▲❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡ ❧❛ ♣❧❛♥èt❡✱ sé❝✉❧❛✐r❡s ♦✉ rés♦♥❛♥t❡s✱ ❛✛❡❝t❡♥t ♣❡✉
❧❡ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ✿ ❧❛ str✉❝t✉r❡ r❛❞✐❛❧❡ ❞✉ ❞✐sq✉❡ ♥✬❡st ♣❛s ♥♦t❛❜❧❡♠❡♥t
♠♦❞✐✜é❡✱ ❤♦r♠✐s ❧❛ ♣✉r❣❡ ❞❡s ré❣✐♦♥s ✐♥t❡r♥❡s✳ ◆é❛♥♠♦✐♥s✱ ❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉
❞✐sq✉❡ ❡♥tr❛î♥❡ ✉♥ ❧é❣❡r ét❛❧❡♠❡♥t ❞✉ ❞✐sq✉❡ ✿ ❧✬❛♣♦❛str❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❡ ❧❛ ♣❛rt✐❡ ❡①t❡r♥❡
❞✉ ❞✐sq✉❡ ♣❡✉t ❞é♣❛ss❡r ❧❡s ✽✵ ❯❆✳ ▲❡ ❜♦r❞ ❡①t❡r♥❡ ❞✉ ❞✐sq✉❡ ❡st ❞♦♥❝ ♣❧✉s é❧♦✐❣♥é ❞❡ ❧✬ét♦✐❧❡
q✉✬à ❧✬ét❛t ✐♥✐t✐❛❧✱ ❡t ❝❡ ❞✬❛✉t❛♥t ♣❧✉s q✉❡ epl ❡st ❣r❛♥❞✳
✺✳✷ ❈❛s ❞✬✉♥❡ ♣❧❛♥èt❡ tr❛✈❡rs❛♥t ❧❡ ❞✐sq✉❡
P❛r♠✐ ❧❡s ♦❜❥❡ts ❡①tér✐❡✉rs ♣♦✉✈❛♥t ✐♥✢✉❡♥❝❡r ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥✲
tér❡ssés à ❧✬❡✛❡t q✉✬✉♥ ♦❜❥❡t s✉r ✉♥❡ ♦r❜✐t❡ ❞✉ t②♣❡ ❞❡ ❝❡❧❧❡ ❞❡ ❙❡❞♥❛ ♣♦✉✈❛✐t ❛✈♦✐r s✉r ✉♥
❞✐sq✉❡✳ ❙❡❞♥❛ ❡st ✉♥ ♦❜❥❡t tr❛♥s♥❡♣t✉♥✐❡♥✱ ❞✬✉♥ ❞✐❛♠ètr❡ ❞❡ ✾✾✺ ❦♠ ✭Pá❧ ❡t ❛❧✳✱ ✷✵✶✷✮✱ ❞é❝♦✉✲
✈❡rt ❡♥ ✷✵✵✸ ✭❇r♦✇♥ ❡t ❛❧✳✱ ✷✵✵✹✮✱ ♣❡✉t✲êtr❡ ✉♥ ❞❡s ♣r❡♠✐❡rs ♦❜❥❡ts ❞✉ ♥✉❛❣❡ ❞❡ ❖♦rt ✐♥t❡r♥❡✳
❙♦♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❡st ❞❡ ✺✹✸ ❯❆ ❡t s♦♥ ❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✽✻✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥ ♣ér✐❤é❧✐❡
❞❡ ✼✻ ❯❆✱ ❛✉✲❞❡❧à ❞❡ ❧❛ ❧✐♠✐t❡ ❡①t❡r♥❡ ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ❝❧❛ss✐q✉❡✳ ❑❡♥②♦♥ ❛♥❞ ❇r♦♠❧❡②
✭✷✵✵✹❜✮ ♦♥t ♣r♦♣♦sé tr♦✐s s❝é♥❛r✐♦s ♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ❝❛✉s❡ ❞❡ ❝❡s ♣❛r❛♠ètr❡s ♦r❜✐t❛✉① ✿ ❙❡❞♥❛
s❡ s❡r❛✐t ❢♦r♠é ❞❛♥s ❧❡ ❙②stè♠❡ s♦❧❛✐r❡ ❡t ❛✉r❛✐t ♣✉ êtr❡ ♣❧❛❝é❡ s✉r s♦♥ ♦r❜✐t❡ ♣❛r ❧❡s ♣❡rt✉r❜❛✲
t✐♦♥s ❞✬✉♥❡ ♣❧❛♥èt❡ ♠❛ss✐✈❡✱ ♦✉ ♣❛r ❧❡ ♣❛ss❛❣❡ ❞✬✉♥❡ ét♦✐❧❡ ♣r♦❝❤❡✱ ♦✉ ❛✉r❛✐t ♣✉ s✬êtr❡ ❢♦r♠é❡
❞❛♥s ✉♥ ❛✉tr❡ s②stè♠❡ st❡❧❧❛✐r❡ ❡t ❛✈♦✐r été ❝❛♣t✉ré ♣❛r ❧❡ ❙♦❧❡✐❧ ❧♦rs ❞✬✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡
♣r♦❝❤❡✳
◆♦✉s ❛✈♦♥s ✈♦✉❧✉ s❛✈♦✐r s✐ ✉♥ ♦❜❥❡t ♣❧❛❝é s✉r ✉♥❡ ♦r❜✐t❡ s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❙❡❞♥❛ ✭♦r❜✐t❡
très ❡①❝❡♥tr✐q✉❡✱ tr❛✈❡rs❛♥t ❧❡ ❞✐sq✉❡ ♠❛✐s ❡♥ ❣r❛♥❞❡ ♣❛rt✐❡ ❡♥ ❞❡❤♦rs ❞❡ ❝❡❧✉✐✲❝✐✮ ♣♦✉✈❛✐t ❡①✲
❝✐t❡r ❞②♥❛♠✐q✉❡♠❡♥t ✉♥ ❞✐sq✉❡✱ ② ❢❛✐r❡ ❛♣♣❛r❛îtr❡ ❞❡s str✉❝t✉r❡s✱ ❡t ❛✉❣♠❡♥t❡r ❧❛ ♣r♦❞✉❝t✐♦♥
❞❡ ♣♦✉ss✐èr❡✳ ◆♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ é✈❛❧✉é ❧✬❡✛❡t ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❝❡t ♦❜❥❡t✱ ♣✉✐s ❝❡❧❧❡ ❞❡ ❧✬✐♥❝❧✐✲
♥❛✐s♦♥ ❞❡ s♦♥ ♦r❜✐t❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✳
✺✳✷✳✶ ❊✛❡t ❞❡ ❧❛ ♠❛ss❡
◆♦✉s ❛✈♦♥s ❧❛♥❝é ✉♥❡ ♣r❡♠✐èr❡ sér✐❡ ❞❡ s✐♠✉❧❛t✐♦♥s✱ ❛✜♥ ❞✬ét✉❞✐❡r ❧✬é✈♦❧✉t✐♦♥ ❞✬✉♥ ❞✐sq✉❡
❞❡ ❞é❜r✐s ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞♦♥t ❧✬♦r❜✐t❡ ❡st s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡ ❞❡ ❙❡❞♥❛✳ ▲❡s r❛②♦♥s
✐♥t❡r♥❡s ❡t ❡①t❡r♥❡s ✐♥✐t✐❛✉① ❞✉ ❞✐sq✉❡ s♦♥t ✜①és à ✹✵ ❡t ✶✵✵ ❯❆✳ ▲✬é♣❛✐ss❡✉r ❞✉ ❞✐sq✉❡ ❡st
❞❡ ✶ ❯❆ s✉r s♦♥ ❜♦r❞ ✐♥t❡r♥❡ ❡t ❞❡ ✷✱✽ ❯❆ s✉r s♦♥ ❜♦r❞ ❡①t❡r♥❡✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥
❛♥❣❧❡ ❞✬♦✉✈❡rt✉r❡ ❞❡ 2✝✳ ▲❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ✐♥✐t✐❛❧❡♠❡♥t ♣❧❛❝és s✉r ❞❡s ♦r❜✐t❡s ❝✐r❝✉❧❛✐r❡s✳
▲❛ ❞❡♥s✐té s✉r❢❛❝✐q✉❡ ❞✉ ❞✐sq✉❡ ❞é❝r♦ît ❛✈❡❝ ❧❛ ❞✐st❛♥❝❡ r à ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡ ❝♦♠♠❡ r−1✳ ▲❡
❞✐sq✉❡ ❡st ❝♦♥st✐t✉é ❞❡ ✷✵ ✵✵✵ ♣❧❛♥étés✐♠❛✉① ❀ ❧❛ ❞✉ré❡ ♣❤②s✐q✉❡ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ ❡st ❞❡
✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ▲❡ ♣❛s ❞❡ t❡♠♣s ❡st ❞✬✉♥❡ ❞❡♠✐✲❛♥♥é❡✳
▲❡ ♣ér✐❛str❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st ✜①é à ✺✵ ❯❆✱ à ❧✬✐♥tér✐❡✉r ❞✉ ❞✐sq✉❡✱ ❡t s♦♥ ❡①❝❡♥tr✐❝✐té ♦r✲
❜✐t❛❧❡ à ✵✱✽✺✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡ ✸✸✸ ❯❆✱ ✉♥ ❛♣♦❛str❡ ❞❡ ✻✶✼ ❯❆ ❡t ✉♥❡
♣ér✐♦❞❡ ❞❡ ✻✵✽✻ ❛♥s✱ ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ❞✬✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✳ ▲❛ ♣❧❛♥èt❡ ♦r❜✐t❡ ❞❛♥s ❧❡ ♣❧❛♥
♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✳
◆♦✉s ❛✈♦♥s t❡sté s✐① ♠❛ss❡s ♣❧❛♥ét❛✐r❡s✱ ❡♥ ♥♦✉s ❜❛s❛♥t s✉r ❧❡s ♦❜❥❡ts ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ✿
❙❡❞♥❛✱ ❧❛ ▲✉♥❡✱ ▼❛rs✱ ❧❛ ❚❡rr❡✱ ◆❡♣t✉♥❡ ❡t ❏✉♣✐t❡r ✭✈♦✐r ❧❡s ♠❛ss❡s ❛✉ t❛❜❧❡❛✉ ✺✳✸✮✳ ❑❡♥②♦♥ ❛♥❞
✽✹
❇r♦♠❧❡② ✭✷✵✵✽✮ ♦♥t ♠♦♥tré q✉✬✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡ P❧✉t♦♥ ✭❡♥✈✐r♦♥ ✶✵✵✵ ❦♠ ❞❡ r❛②♦♥✮
♣♦✉✈❛✐t s❡ ❢♦r♠❡r s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s à ✹✵ ❯❆ ♦✉ ❞❡ ✉♥
♠✐❧❧✐❛r❞ ❞✬❛♥♥é❡s à ✶✵✵ ❯❆✳ ❉❡s ♣❧❛♥èt❡s ♣❧✉s ❣r❛♥❞❡s ✭∼ ✷✵✵✵✲✸✵✵✵ ❦♠ ❞❡ r❛②♦♥✮ ♣❡✉✈❡♥t s❡
❢♦r♠❡r à ❣r❛♥❞❡ ❞✐st❛♥❝❡ ❞❡ ❧❡✉r ét♦✐❧❡ ✭❑❡♥②♦♥✱ ✷✵✵✷✮✳ ▲❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♣❧❛♥èt❡s ♦✉ ❛✈❡❝
❞❡s ét♦✐❧❡s ♣r♦❝❤❡s ♣❡✉✈❡♥t ❛♠❡♥❡r ❞❡s ♣❧❛♥èt❡s s✉r ❞❡s ♦r❜✐t❡s ❡①❝❡♥tr✐q✉❡s✱ à ❞❡ ❣r❛♥❞❡s ❞✐s✲
t❛♥❝❡s ❞❡ ❧❡✉r ét♦✐❧❡s✳ ❊♥✜♥✱ ❞❡s ♣❧❛♥èt❡s ♣♦✉rr❛✐❡♥t s❡ ❢♦r♠❡r ♣❛r ✐♥st❛❜✐❧✐té ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡✱
r❡❧❛t✐✈❡♠❡♥t ❧♦✐♥ ❞❡ ❧❡✉r ét♦✐❧❡✳ P❛r ❡①❡♠♣❧❡✱ ❞❡s ♣❧❛♥èt❡s ♦♥t été ✐♠❛❣é❡s à ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s
❞✬❯❆ ❞❡ ❧✬ét♦✐❧❡ ❍❘ ✽✼✾✾ ❀ ❧❛ ♣❧❛♥èt❡ ●❏✸✶✼❝ ❛ ✉♥❡ ❡①❝❡♥tr✐❝✐té ❞❡ ✵✱✽ ♣♦✉r ✉♥ ❞❡♠✐✲❣r❛♥❞ ❛①❡
❞✬❡♥✈✐r♦♥ ✸✵ ❯❆ ✭❏♦❤♥s♦♥ ❡t ❛❧✳✱ ✷✵✵✼ ❀ ❆♥❣❧❛❞❛✲❊s❝✉❞é ❡t ❛❧✳✱ ✷✵✶✷✮✳
✺✳✷✳✶✳✶ P✉r❣❡✱ ❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t str✉❝t✉r❛t✐♦♥
❙✉r ❧❡s s✐① ♠❛ss❡s t❡sté❡s✱ s❡✉❧❡ ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❏✉♣✐t❡r ♣❛r✈✐❡♥t à é❥❡❝t❡r ✉♥❡
♣♦rt✐♦♥ s✐❣♥✐✜❝❛t✐✈❡ ❞✉ ❞✐sq✉❡ ♣❡♥❞❛♥t ❧❛ ❞✉ré❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭108 ❛♥s✮ ✿ ❧❡ t❛✉① ❞✬é❥❡❝t✐♦♥
✜♥❛❧ ❡st ❞❡ ✹✶ ✪ ♣♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ ❥♦✈✐❡♥♥❡ ✭✐❧ ❛✉❣♠❡♥t❡ à ♣❡✉ ♣rès ❧✐♥é❛✐r❡♠❡♥t
❛✈❡❝ ❧❡ t❡♠♣s✮✱ ❞❡ ✶ ✪ ♣♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ◆❡♣t✉♥❡✱ ❞❡ ✵✱✶ ✪ ♣♦✉r ✉♥❡ ♣❧❛♥èt❡
❞✬✉♥❡ ♠❛ss❡ t❡rr❡str❡ ❡t ❡st ♥✉❧ ♣♦✉r ❧❡s ♠❛ss❡s ✐♥❢ér✐❡✉r❡s✳ ❉❛♥s ❧❡s ❝❛s ♦ù ❧❡ ❞✐sq✉❡ ♥✬❡st
♣❛s ♣✉r❣é✱ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ ❡st ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ❛✜♥ ❞✬é✈❛❧✉❡r ❧❛
♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✳ ❖♥ ♣❡✉t ❝❛r❛❝tér✐s❡r ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ♣❛r ❧✬é✈♦❧✉t✐♦♥ ❞❛♥s ❧❡
t❡♠♣s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✳ ❈❡❧❧❡✲❝✐ ❡st ♠♦♥tré❡✱
♣♦✉r ❞❡s ♠❛ss❡s ♣❧❛♥ét❛✐r❡s ❛❧❧❛♥t ❞❡ ❝❡❧❧❡ ❞❡ ❙❡❞♥❛ à ❝❡❧❧❡ ❞❡ ◆❡♣t✉♥❡✱ ❛✉① ✜❣✉r❡s ✺✳✶✸ à
✺✳✶✼ ✭❛tt❡♥t✐♦♥✱ ❧✬é❝❤❡❧❧❡ ❞❡s ❛❜s❝✐ss❡s ❡st ❞✐✛ér❡♥t❡ ♣♦✉r ❝❤❛q✉❡ ✜❣✉r❡✮✳ P❛rt❛♥t ❞✬✉♥ ♣✐❝ à
très ❢❛✐❜❧❡ ❡①❝❡♥tr✐❝✐té✱ ❝❡tt❡ ❞✐str✐❜✉t✐♦♥ é✈♦❧✉❡ ❡♥ ♣r❡♥❛♥t ✉♥❡ ❢♦r♠❡ s❡♠❜❧❛❜❧❡ à ✉♥❡ ❧♦✐ ❞❡
❘❛②❧❡✐❣❤ ❡t s❡♠❜❧❡ t❡♥❞r❡ ✈❡rs ✉♥❡ ❞✐str✐❜✉t✐♦♥ ✉♥✐❢♦r♠❡ ✭◆✳ ❇✳ ✿ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡①❝❡♥tr✐✲
❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① s✉✐t ✉♥❡ ❧♦✐ ❞❡ ❘❛②❧❡✐❣❤ ❧♦rsq✉✬✐❧s ♥❡ s♦♥t s♦✉♠✐s q✉✬à ❧❡✉r ✐♥t❡r❛❝t✐♦♥
❣r❛✈✐t❛t✐♦♥♥❡❧❧❡ ♠✉t✉❡❧❧❡ ✭■❞❛ ❛♥❞ ▼❛❦✐♥♦✱ ✶✾✾✷✮✱ ❝❡ q✉✐ ♥✬❡st ♣❛s ❧❡ ❝❛s ❞❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✱
q✉✐ tr❛✐t❡♥t ❞❡ ❧✬❡✛❡t ❞❡ ❧❛ ♣❧❛♥èt❡ s✉r ❧❡ ❞✐sq✉❡✮✳ P❧✉s ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡ ❡st
❣r❛♥❞❡✱ ♣❧✉s ❧❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① s♦♥t é❧❡✈é❡s✳ ▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❛♥s ❧❡
❞✐sq✉❡ à ❧❛ ✜♥ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ ❡st ❞♦♥♥é❡ ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✷✳
▼❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡ 〈e〉f✭❦❣✮
❙❡❞♥❛ ∼ 4× 1021 6× 10−5
▲✉♥❡ 7,35× 1022 ✵✱✵✵✶
▼❛rs 6,42× 1023 ✵✱✵✷✶
❚❡rr❡ 5,97× 1024 ✵✱✵✼✶
◆❡♣t✉♥❡ 1,02× 1026 ✵✱✸✹✼
❏✉♣✐t❡r 1,9× 1027 ✵✱✻✹✽
❚❆❇▲❊❆❯ ✺✳✷ ✕ ❊①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡✱ à ❧❛ ✜♥ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥
✭108 ❛♥s✮✱ s❡❧♦♥ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡✳
▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ✐♥❝❧✐♥❛✐s♦♥s é✈♦❧✉❡ ❞❡ ♠❛♥✐èr❡ s✐♠✐❧❛✐r❡ ♣♦✉r ❞❡s ♣❧❛♥èt❡s ❞♦♥t ❧❛ ♠❛ss❡
❡st s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡ ▼❛rs✳ ❊♥ ❞❡çà✱ ❝❡tt❡ ❞✐str✐❜✉t✐♦♥ r❡st❡ t❡❧❧❡ q✉✬✐♥✐t✐❛❧❡♠❡♥t✱ ❝✬❡st✲à✲❞✐r❡
✉♥✐❢♦r♠é♠❡♥t ré♣❛rt✐❡ ❡♥tr❡ 0✝❡t 1✝✳ ▲♦rsq✉❡ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡ ❛ ✉♥❡ ♠❛ss❡ ❥♦✈✐❡♥♥❡✱
❧❛ ❞✐str✐❜✉t✐♦♥ ✜♥❛❧❡ ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① r❡st❛♥ts ❡st à ♣❡✉ ♣rès ✉♥✐❢♦r♠é♠❡♥t
ré♣❛rt✐❡ ❡♥tr❡ 0✝❡t 180✝ ✿ ❧❡ ❞✐sq✉❡ ❡st ❞❡✈❡♥✉ ✉♥ ❤❛❧♦✱ q✉✐ s❡ ✈✐❞❡ ♣❡t✐t à ♣❡t✐t✳
✽✺
❋✐❣✉r❡ ✺✳✶✸ ✕ ❍✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡
❞❡ ❧❛ ♠❛ss❡ ❞❡ ❙❡❞♥❛✱ à ❞✐✛ér❡♥ts ♠♦♠❡♥ts ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ✜♥❛❧❡ ❡st ❞❡
6× 10−5✳ ❆✉❝✉♥ ♣❧❛♥étés✐♠❛❧ ♥✬❛ été é❥❡❝té ❡♥ 108 ❛♥s✳
❋✐❣✉r❡ ✺✳✶✹ ✕ ❍✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡
❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ▲✉♥❡✱ à ❞✐✛ér❡♥ts ♠♦♠❡♥ts ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ✜♥❛❧❡ ❡st ❞❡
10−3✳ ❆✉❝✉♥ ♣❧❛♥étés✐♠❛❧ ♥✬❛ été é❥❡❝té ❡♥ 108 ❛♥s✳
✽✻
❋✐❣✉r❡ ✺✳✶✺ ✕ ❍✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡
❞❡ ❧❛ ♠❛ss❡ ❞❡ ▼❛rs✱ à ❞✐✛ér❡♥ts ♠♦♠❡♥ts ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ✜♥❛❧❡ ❡st ❞❡ ✵✱✵✷✶✳
❆✉❝✉♥ ♣❧❛♥étés✐♠❛❧ ♥✬❛ été é❥❡❝té ❡♥ 108 ❛♥s✳
❋✐❣✉r❡ ✺✳✶✻ ✕ ❍✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡
❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ❚❡rr❡✱ à ❞✐✛ér❡♥ts ♠♦♠❡♥ts ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ✜♥❛❧❡ ❡st ❞❡
✵✱✵✼✶✳ ❊♥✈✐r♦♥ ✵✱✶ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t été é❥❡❝tés✱ ❡♥ 108 ❛♥s✳
✽✼
❋✐❣✉r❡ ✺✳✶✼ ✕ ❍✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡
❞❡ ❧❛ ♠❛ss❡ ❞❡ ◆❡♣t✉♥❡✱ à ❞✐✛ér❡♥ts ♠♦♠❡♥ts ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ✜♥❛❧❡ ❡st ❞❡
✵✱✸✹✼✳ ❊♥✈✐r♦♥ ✶ ✪ ❞❡s ♣❧❛♥étés✐♠❛✉① ♦♥t été é❥❡❝tés✱ ❡♥ 108 ❛♥s✳
P♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞♦♥t ❧❛ ♠❛ss❡ ❡st ✐♥❢ér✐❡✉r❡ à ❝❡❧❧❡ ❞❡ ▼❛rs✱ ❛✉❝✉♥❡ str✉❝t✉r❡ ♥✬❛♣♣❛r❛ît
❞❛♥s ❧❡ ❞✐sq✉❡ ♣❡♥❞❛♥t ❧❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ➚ ♣❛rt✐r ❞❡ ❝❡tt❡ ♠❛ss❡✱ ❧❡s
❞❡✉① ♣❛rt✐❡s ❞✉ ❞✐sq✉❡ ❡♥ ❞❡çà ❡t ❛✉✲❞❡❧à ❞❡ ✺✵ ❯❆✱ ♣ér✐❛str❡ ❞❡ ❧❛ ♣❧❛♥èt❡✱ é✈♦❧✉❡♥t ❞✐✛ér❡♠✲
♠❡♥t✳ P♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ▼❛rs✱ ❝❡❧❛ ❢❛✐t ❛♣♣❛r❛îtr❡ ✉♥ s✐❧❧♦♥ ❞❛♥s ❧❡ ❞✐sq✉❡✱ à
✺✵ ❯❆ ❞❡ ❧✬ét♦✐❧❡✱ ❡t 90✝❛✈❛♥t ❧❡ ♣ér✐❤é❧✐❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ✭✈♦✐r❡ ✜❣✉r❡ ✺✳✶✽✮✳ P♦✉r ✉♥❡ ♣❧❛♥èt❡
❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ❚❡rr❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✶✾✮✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ❡①✲
t❡r♥❡ ❞✉ ❞✐sq✉❡✱ ❡♥tr❛î♥❛♥t ❞❡s s✉r❞❡♥s✐tés ❧♦❝❛❧❡s ❞❡ ♣❧❛♥étés✐♠❛✉① ♣r♦♣✐❝❡s à ❧❛ ♣r♦❞✉❝t✐♦♥
❞❡ ♣♦✉ss✐èr❡✱ ❡t ✉♥ ❞é❜✉t ❞✬❛s②♠étr✐❡ ❡st ♣❡r❝❡♣t✐❜❧❡✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧❡ ❝❡♥tr❡ ❣é♦♠étr✐q✉❡
❞✉ ❞✐sq✉❡ ❡st ❞é❝❛❧é ♣❛r r❛♣♣♦rt à ❧✬ét♦✐❧❡✳ P♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ◆❡♣t✉♥❡ ✭✈♦✐r
✜❣✉r❡ ✺✳✷✵✮✱ ❧❡ ❞✐sq✉❡ ❡①t❡r♥❡ ❡st ❞✐s♣❡rsé ❡t ❛ ♣❡r❞✉ s❛ s②♠étr✐❡ ❞❡ ❞é♣❛rt ❀ ❧❡ ❞✐sq✉❡ ✐♥t❡r♥❡
❡st ♠❛✐♥t❡♥✉ q✉♦✐q✉✬ét❛♥t ❞②♥❛♠✐q✉❡♠❡♥t ❡①❝✐té✳ ❈❡ ❝❛r❛❝tèr❡ ❛s②♠étr✐q✉❡ ❞❡ ❧❛ str✉❝t✉r❡ ❞✉
❞✐sq✉❡ ♣❡rt✉r❜é ❡st ❧❛ s✐❣♥❛t✉r❡ ❧❛ ♣❧✉s ♠❛rq✉❛♥t❡ ❞✬✉♥❡ ♣❧❛♥èt❡ s✉✣s❛♠♠❡♥t ♠❛ss✐✈❡ s✉r ✉♥❡
♦r❜✐t❡ ❞❡ t②♣❡ ❙❡❞♥❛✳
✺✳✷✳✶✳✷ Pr♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡
◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ét✉❞✐é q✉❡❧❧❡s ❞✐str✐❜✉t✐♦♥s ❞✬❡①❝❡♥tr✐❝✐té ét❛✐❡♥t s✉s❝❡♣t✐❜❧❡s ❞❡ r❡♥❢♦r✲
❝❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ❧❡ ❞✐sq✉❡✳ P❧✉s ❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① ❡st ❣r❛♥❞❡✱
♣❧✉s ❧❡✉r ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❧♦rs ❞❡ ❝♦❧❧✐s✐♦♥s ❡st é❧❡✈é❡✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡s ❝♦❧❧✐s✐♦♥s ❞❡str✉❝tr✐❝❡s
❡t ❞♦♥❝ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✳ ▲❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ♠♦②❡♥♥❡ ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ❞❛♥s ✉♥
❞✐sq✉❡✱ à ✉♥❡ ❞✐st❛♥❝❡ r ❞❡ ❧✬ét♦✐❧❡ ❞❡ ♠❛ss❡ M∗✱ ❡st ❞❡ ✿
〈vrel〉 = 〈e〉vK = 〈e〉
√
GM∗
r
✭✺✳✶✮
✽✽
❋✐❣✉r❡ ✺✳✶✽ ✕ ❱✉❡ ❞❡ ❞❡ss✉s ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ▼❛rs✱ à ❧❛ ✜♥ ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥ ✭108 ❛♥s✮✳ ▲✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st r❡♣rés❡♥té❡ ❡♥ ❜❧❡✉✳ ❖♥ ♦❜s❡r✈❡ ✉♥ s✐❧❧♦♥✱ 90✝❛✈❛♥t ❧❡
♣ér✐❤é❧✐❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ✭✜①é à 180✝✮✱ à ✺✵ ❯❆ ❞❡ ❧✬ét♦✐❧❡ ✭q✉✐ ❡st ❛✉ss✐ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧❛ ♣❧❛♥èt❡ à s♦♥
♣ér✐❤é❧✐❡✮✳
♦ù vK ❡st ❧❛ ✈✐t❡ss❡ ❦é♣❧ér✐❡♥♥❡ ✭▼✉st✐❧❧ ❛♥❞ ❲②❛tt✱ ✷✵✵✾✮✳
❆✜♥ ❞✬❡st✐♠❡r à ♣❛rt✐r ❞❡ q✉❡❧❧❡ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❧❡s ❝♦❧❧✐s✐♦♥s ❞❡✈✐❡♥♥❡♥t ❞❡str✉❝tr✐❝❡s✱
♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❛ ❢♦r♠✉❧❡ ✭✷✷✮ ❞❡ ▼✉st✐❧❧ ❛♥❞ ❲②❛tt ✭✷✵✵✾✮✳ P♦✉r ❞❡s ❛❣ré❣❛ts ♣♦r❡✉①
♠❛❥♦r✐t❛✐r❡♠❡♥t ❝♦♥st✐t✉és ❞❡ ❣❧❛❝❡s✱ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❝r✐t✐q✉❡ vc ❛✉✲❞❡ss✉s ❞❡ ❧❛q✉❡❧❧❡ ❧❡s
❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ❞❡ ♠ê♠❡ t❛✐❧❧❡ ❞❡✈✐❡♥♥❡♥t ❞❡str✉❝tr✐❝❡s ❡t ❞♦♥❝ ♣r♦❞✉❝tr✐❝❡s ❞❡
♣♦✉ss✐èr❡✱ s✬é❝r✐t✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ r❛②♦♥ R ❞❡s ♣❧❛♥étés✐♠❛✉① ❡t ♣♦✉r ✉♥❡ ❞❡♥s✐té ❞❡ ✶ ❣✳❝♠−3 ✿
vc =
[
0.8
(
R
80m
)−0.33
+ 0.2
(
R
80m
)1.2]0.83
m.s−1 ✭✺✳✷✮
❊♥ ♣r❡♥❛♥t R = ✺ ❦♠✱ ♥♦✉s tr♦✉✈♦♥s vc = ✶✻✱✷✻ ♠✳s−1✱ ❡t✱ ❞ès ❧♦rs✱ ❧✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡
e∗ = vc/vK ♥é❝❡ss❛✐r❡ ♣♦✉r q✉❡ ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡ ❞❡✈✐❡♥♥❡♥t
❞❡str✉❝tr✐❝❡s ❡st ❞❡ 3,4 × 10−3 à ✹✵ ❯❆ ❞❡ ❧✬ét♦✐❧❡ ❡t ❞❡ 5,5 × 10−3 à ✶✵✵ ❯❆✳ ➚ ♣❛rt✐r ❞❡s
rés✉❧t❛ts ❞❡ ♥♦s s✐♠✉❧❛t✐♦♥s✱ ♥♦✉s ❛✈♦♥s ❝♦♠♣t❛❜✐❧✐sés ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ ♣❧❛♥étés✐♠❛✉① ❞♦♥t
❧✬❡①❝❡♥tr✐❝✐té ❡st s✉♣ér✐❡✉r❡ à ❝❡tt❡ ❡①❝❡♥tr✐❝✐té ❝r✐t✐q✉❡ e∗ ✭q✉✐ ❞é♣❡♥❞ ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧✬é✲
t♦✐❧❡✮ ♣♦✉r ♣❧✉s✐❡✉rs ♠❛ss❡s ♣❡rt✉r❜❛tr✐❝❡s✱ ❡t à ❞✐✛ér❡♥ts ♠♦♠❡♥ts ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳ ▲❡s
✽✾
❋✐❣✉r❡ ✺✳✶✾ ✕ ❱✉❡ ❞❡ ❞❡ss✉s ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ❚❡rr❡✱ à ❧❛ ✜♥ ❞❡
❧❛ s✐♠✉❧❛t✐♦♥ ✭108 ❛♥s✮✳ ▲✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st r❡♣rés❡♥té❡ ❡♥ ❜❧❡✉✳ ❯♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ❛♣♣❛r❛ît
❞❛♥s ❧❛ ♣❛rt✐❡ ❡①t❡r♥❡ ❞✉ ❞✐sq✉❡✱ q✉✐ ♥✬❡st ♣❧✉s ❝❡♥tré❡ s✉r ❧✬ét♦✐❧❡✳
rés✉❧t❛ts s♦♥t ❞♦♥♥és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✸✳
▼❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡
✵ ▼②r ✶✵ ▼②r ✷✺ ▼②r ✺✵ ▼②r ✶✵✵ ▼②r
✭❦❣✮
❙❡❞♥❛ ∼ 4× 1021 ✵ ✪ ✵✱✵✵✺ ✪ ✵✱✵✵✺ ✪ ✵✱✵✵✺ ✪ ✵✱✵✷ ✪
▲✉♥❡ 7,35× 1022 ✵ ✪ ✵✱✶✵ ✪ ✵✱✷✹ ✪ ✵✱✺✼ ✪ ✶✱✹✽ ✪
▼❛rs 6,42× 1023 ✵ ✪ ✽✱✾✻ ✪ ✹✻✱✺✹ ✪ ✽✻✱✼✶ ✪ ✾✺✱✾✵ ✪
❚❡rr❡ 5,97× 1024 ✵ ✪ ✽✷✱✺✻ ✪ ✽✼✱✺✼ ✪ ✽✼✱✽✸ ✪ ✽✼✱✽✵ ✪
◆❡♣t✉♥❡ 1,02× 1026 ✵ ✪ ✾✽✱✽✵ ✪ ✾✽✱✾✼ ✪ ✾✽✱✾✾ ✪ ✾✾✱✶✽ ✪
❚❆❇▲❊❆❯ ✺✳✸ ✕ P♦✉r❝❡♥t❛❣❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❞♦♥t ❧✬❡①❝❡♥tr✐❝✐té ❡st s✉♣ér✐❡✉r❡ à ❧✬❡①❝❡♥✲
tr✐❝✐té ❝r✐t✐q✉❡ e∗ = vc/vK ✭q✉✐ ❞é♣❡♥❞ ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧✬ét♦✐❧❡✮✱ à ❞✐✛ér❡♥ts ♠♦♠❡♥ts ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥
✭▼②r ❂ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡✳ ▲♦rsq✉❡ ❧✬❡①❝❡♥tr✐❝✐té
♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❡st s✉♣ér✐❡✉r❡ à e∗✱ ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ❞❡✈✐❡♥♥❡♥t ❞❡str✉❝✲
tr✐❝❡s ❡t ♣r♦❞✉✐s❡♥t ❞❡ ❧❛ ♣♦✉ss✐èr❡✳
➚ ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞✉ t❛❜❧❡❛✉ ✺✳✸✱ ♥♦✉s ❛✈♦♥s ❡st✐♠é q✉✬✉♥❡ ♣❧❛♥èt❡ ♣❧❛❝é❡ s✉r ✉♥❡ ♦r✲
❜✐t❡ ❞✉ t②♣❡ ❞❡ ❝❡❧❧❡ ❞❡ ❙❡❞♥❛✱ tr❛✈❡rs❛♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ♥❡ ♣❡✉t r❡♥❢♦r❝❡r ❧❛ ♣r♦❞✉❝t✐♦♥
❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❡♥ ♠♦✐♥s ❞❡ ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s q✉❡ s✐ s❛ ♠❛ss❡ ❡st
✾✵
❋✐❣✉r❡ ✺✳✷✵ ✕ ❱✉❡ ❞❡ ❞❡ss✉s ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ◆❡♣t✉♥❡✱ à ❧❛ ✜♥
❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ✭108 ❛♥s✮✳ ▲✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st r❡♣rés❡♥té❡ ❡♥ ❜❧❡✉✳ ▲❛ ♣❛rt✐❡ ❡①t❡r♥❡ ❞✉ ❞✐sq✉❡
❛ été ❞✐s♣❡rsé❡✱ ❧❛ ♣❛rt✐❡ ✐♥t❡r♥❡ ❡st ❞②♥❛♠✐q✉❡♥t ❡①❝✐té❡✳
s✉♣ér✐❡✉r❡ à q✉❡❧q✉❡s ♠❛ss❡s ❧✉♥❛✐r❡s✳ ❉❡s ♦❜❥❡ts ❛✉ss✐ ♠❛ss✐❢s ♣❡✉✈❡♥t s❡ ❢♦r♠❡r à ❞✬❛✉ss✐
❣r❛♥❞❡ ❞✐st❛♥❝❡ ❞❡ ❧❡✉r ét♦✐❧❡✱ ❝❡♣❡♥❞❛♥t ✐❧ ❢❛✉t ❡♥ ♣❧✉s ✉♥❡ ❢♦rt❡ ♣❡rt✉r❜❛t✐♦♥ ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡
♣♦✉r ❧❡s ❛♠❡♥❡r s✉r ❞❡s ♦r❜✐t❡s ❛✉ss✐ ❡①❝❡♥tr✐q✉❡s✳ ❯♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ▼❛rs ♣❡✉t
r❡♥❢♦r❝❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ s✉r ✉♥❡ é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❞❡ q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s✳ ❆✉✲❞❡ss✉s ❞❡ ❝❡tt❡ ♠❛ss❡✱ ❧✬é❝❤❡❧❧❡ ❞❡ t❡♠♣s ♥é❝❡ss❛✐r❡ ❡st ❞❡ q✉❡❧q✉❡s ré✈♦❧✉t✐♦♥s
♦r❜✐t❛❧❡s ❞❡ ❧❛ ♣❧❛♥èt❡✳
❆✉✲❞❡ss♦✉s ❞❡ ❧❛ ❧✐♠✐t❡ ❞❡ q✉❡❧q✉❡s ♠❛ss❡s ❧✉♥❛✐r❡s✱ ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♥✬❡st ❞♦♥❝ q✉❛s✐✲
♠❡♥t ♣❛s ❛✛❡❝té ♣❛r ❧❡ ♣❛ss❛❣❡ ❞❡ ❧❛ ♣❧❛♥èt❡✳ ❆✉ ❞❡ss✉s✱ ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❡✉✈❡♥t
r❡♥❢♦r❝❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ❧❡ ❞✐sq✉❡ ❡♥ ❛✉❣♠❡♥t❛♥t ❧❡s ❡①❝❡♥tr✐❝✐tés ♦r❜✐t❛❧❡s ❞❡s
♣❧❛♥étés✐♠❛✉①✱ ✈♦✐r❡ ❝ré❡r ✉♥❡ ❛s②♠étr✐❡✱ ❞❡s str✉❝t✉r❡s✱ ❞❡s s♦✉s✲❞❡♥s✐tés ♦✉ ❞❡s s✉r❞❡♥s✐tés
❧♦❝❛❧❡s ❞❛♥s ❧❡ ❞✐sq✉❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✶✾✮✱ q✉✬✉♥ ✐♥str✉♠❡♥t ❝♦♠♠❡ ❆▲▼❆ ♣♦✉rr❛✐t t❤é♦r✐q✉❡✲
♠❡♥t ❞✐st✐♥❣✉❡r✳ ▲✬❛s②♠étr✐❡ ❞✉ ❞✐sq✉❡ ♣❡rt✉r❜é ❡st s❛♥s ❞♦✉t❡ ❧❛ s✐❣♥❛t✉r❡ ❧❛ ♣❧✉s é✈✐❞❡♥t❡
❞❡ ❧✬❡✛❡t ❞❡ ❧❛ ♣❧❛♥èt❡ s✉r ❧❡ ❞✐sq✉❡✳ ◆é❛♥♠♦✐♥s✱ s✐ ❧❛ ♣❧❛♥èt❡ ❡st tr♦♣ ♠❛ss✐✈❡✱ ❡❧❧❡ ❞✐s♣❡rs❡
❧❡ ❞✐sq✉❡✱ ❝❡ q✉✐✱ ❡♥ ❛✉❣♠❡♥t❛♥t ❧❡ ✈♦❧✉♠❡ ♦❝❝✉♣é ♣❛r ❧❡s ♣❧❛♥étés✐♠❛✉①✱ ♣❡✉t ❞✐♠✐♥✉❡r ❧❛
♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✳
✾✶
✺✳✷✳✷ ❊✛❡t ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥
◆♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❡st✐♠❡r s✐ ❧❡s str✉❝t✉r❡s ♦❜s❡r✈é❡ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❛ ♣❧❛♥èt❡ ♦r❜✐t❡
❞❛♥s ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ s❡ ❢♦r♠❛✐❡♥t é❣❛❧❡♠❡♥t ❞❛♥s ❧❡ ❝❛s ♦ù ❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st
✐♥❝❧✐♥é❡ ♣❛r r❛♣♣♦rt à ❝❡ ♣❧❛♥✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ r❡❧❛♥❝é ❧❡s s✐♠✉❧❛t✐♦♥s ♣ré❝é❞❡♥t❡s ❡♥ ❛❥♦✉t❛♥t
✉♥❡ ✐♥❝❧✐♥❛✐s♦♥ ❞❡ ✷✷✱✺✝❡♥tr❡ ❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❧❡ ❞✐sq✉❡✱ ♣♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡
t❡rr❡str❡✳ ◆♦✉s ❛✈♦♥s ét✉❞✐é ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s ✿ ❞❛♥s ❧❛ ♣r❡♠✐èr❡✱ ❧❛ ❧✐❣♥❡ ❞❡s ❛♣s✐❞❡s ❡t ❧❛
❧✐❣♥❡ ❞❡s ♥÷✉❞s ❞❡ ❧✬♦r❜✐t❡ s♦♥t ❝♦♥❢♦♥❞✉❡s ❡t ❧❡ ♣ér✐❛str❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st s✐t✉é ❛✉ ♥✐✈❡❛✉ ❞✉
♥÷✉❞ ❞❡s❝❡♥❞❛♥t ✿ ❝✬❡st ❧❡ s❡✉❧ ♣♦✐♥t ❞❡ ❧✬♦r❜✐t❡ ♦ù ❧❛ ♣❧❛♥èt❡ tr❛✈❡rs❡ ❧❡ ❞✐sq✉❡✱ à ✺✵ ❯❆ ❞❡ ❧✬é✲
t♦✐❧❡✳ ❉❛♥s ❧❛ s❡❝♦♥❞❡ ❝♦♥✜❣✉r❛t✐♦♥✱ ❝❡s ❞❡✉① ❧✐❣♥❡s s♦♥t ♦rt❤♦❣♦♥❛❧❡s✱ ❧❡ ♣ér✐❛str❡ ét❛♥t s✐t✉é
à ✾✵✝✭❞❛♥s ❧❡ s❡♥s tr✐❣♦♥♦♠étr✐q✉❡✮ ❞✉ ♥÷✉❞ ❛s❝❡♥❞❛♥t ❀ ❧❛ ♣❧❛♥èt❡ tr❛✈❡rs❡ ❞♦♥❝ ❧❡ ❞✐sq✉❡
❞❡✉① ❢♦✐s✱ à ✾✷✱✺ ❯❆ ❞❡ ❧✬ét♦✐❧❡✳
▲❡s ✜❣✉r❡s ✺✳✷✸ ❡t ✺✳✷✹ ♠♦♥tr❡♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡✱ ✈✉❡ ❞❡♣✉✐s
tr♦✐s ❞✐r❡❝t✐♦♥s ❞✐✛ér❡♥t❡s✱ à ❧✬✐ss✉❡ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳ ❖♥ ❝♦♥st❛t❡ ❞✬❛❜♦r❞ q✉❡ ❧❛ str✉❝t✉r❡
❞✉ ❞✐sq✉❡ ♥✬❡st ♣❧✉s ❝❡♥tré❡ s✉r ❧✬ét♦✐❧❡✱ ❞✉ ❢❛✐t ❞✬✉♥ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♣❧❛♥étés✐✲
♠❛✉①✳ ▲✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡✱ ❝❛r❛❝tér✐sé❡ ♣❛r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés✱ ❞♦♥♥é❡ à ❧❛
✜❣✉r❡ ✺✳✷✶✱ ❛♣♣❛r❛ît très ❞é♣❡♥❞❛♥t❡ ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ ❡t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ♥÷✉❞s ❡t ❞✉ ♣ér✐❛s✲
tr❡ ✿ ❧❡s ❞❡✉① ❞✐str✐❜✉t✐♦♥s ♦❜t❡♥✉❡s s♦♥t très ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡ ♦❜s❡r✈é❡ ❧♦rsq✉❡ ❧✬♦r❜✐t❡ ❞❡ ❧❛
♣❧❛♥èt❡ ♥✬❡st ♣❛s ✐♥❝❧✐♥é❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✶✻✮✱ ❡t s♦♥t é❣❛❧❡♠❡♥t ❞✐✛ér❡♥t❡s ❡♥tr❡ ❡❧❧❡s✳
✭❛✮ ❈♦♥✜❣✉r❛t✐♦♥ ✶ ✭❜✮ ❈♦♥✜❣✉r❛t✐♦♥ ✷
❋✐❣✉r❡ ✺✳✷✶ ✕ ❍✐st♦❣r❛♠♠❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡
❞✬✉♥❡ ♠❛ss❡ t❡rr❡str❡ ❞✬é❧é♠❡♥ts ♦r❜✐t❛✉① a = ✸✸✸✱✸✸ ❯❆✱ e = ✵✱✽✺✱ i = ✷✷✱✺✝✱ à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s
❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① Ω ❡t ω ❞♦♥♥és ✜❣✉r❡s ✺✳✷✸ ❡t
✺✳✷✹✳
▲❡s ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① s✉❜✐ss❡♥t ✉♥ ♠♦✉✈❡♠❡♥t ❞✬❡♥s❡♠❜❧❡✱ s♦✉s ❧✬✐♥✢✉❡♥❝❡ ❞❡
❧❛ ♣❧❛♥èt❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✷✷✮✳ ❈❡❧❛ s❡ tr❛❞✉✐t ♣❛r ✉♥ ✓ ❜❛s❝✉❧❡♠❡♥t ✔ ❞✉ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✳
▲❛ ❞✐r❡❝t✐♦♥ ✈❡rs ❧❛q✉❡❧❧❡ ❧❡ ❞✐sq✉❡ ✓ ♣❡♥❝❤❡ ✔ ❧❡ ♣❧✉s ✈❡rs ❧❡s x ♣♦s✐t✐❢s ❡st ❝❡❧❧❡ ❞✉ ♥÷✉❞
❞❡s❝❡♥❞❛♥t✳
❉❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✶✱ ❧❛ ❞✐st❛♥❝❡ ❞✉ ♣ér✐❛str❡✱ ✺✵ ❯❆✱ q✉✐ ❡st ❛✉ss✐ ❝❡❧❧❡ à ❧❛q✉❡❧❧❡ ❧❛
♣❧❛♥èt❡ tr❛✈❡rs❡ ❧❡ ❞✐sq✉❡✱ sé♣❛r❡ ❧❡ ❞✐sq✉❡ ❡♥ ❞❡✉① ♣❛rt✐❡s q✉✐ é✈♦❧✉❡♥t ❞✐✛ér❡♠♠❡♥t✳ ❈❡❝✐
❡♥tr❛î♥❡ ❧✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥ s✐❧❧♦♥ à ✺✵ ❯❆✱ q✉✐ s✬ét❡♥❞ s✉r ❧❡s ✶✽✵✝q✉✐ ♣ré❝è❞❡♥t ❧❡ ♣ér✐❛str❡
✭✈♦✐r ✜❣✉r❡ ✺✳✷✸✭❛✮✮✳ ❈❡t ❡✛❡t ❛✈❛✐t ❞é❥à été ♦❜s❡r✈é ❧♦rsq✉❡ ❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ♥✬ét❛✐t ♣❛s
✐♥❝❧✐♥é❡ ♣❛r r❛♣♣♦rt ❛✉ ❞✐sq✉❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✶✾✮✳ ❚♦✉❥♦✉rs à ✺✵ ❯❆✱ ♠❛✐s ❞❡ ❧✬❛✉tr❡ ❝ôté ❞✉
✾✷
✭❛✮ ❈♦♥✜❣✉r❛t✐♦♥ ✶ ✭❜✮ ❈♦♥✜❣✉r❛t✐♦♥ ✷
❋✐❣✉r❡ ✺✳✷✷ ✕ ❉✐❛❣r❛♠♠❡ ✐♥❝❧✐♥❛✐s♦♥✲❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡
♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ t❡rr❡str❡ ❞✬é❧é♠❡♥ts ♦r❜✐t❛✉① a = ✸✸✸✱✸✸ ❯❆✱ e = ✵✱✽✺✱ i = ✷✷✱✺✝✱ à ❧✬✐ss✉❡ ❞❡s ✶✵✵
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① Ω ❡t ω ❞♦♥♥és ✜❣✉r❡s
✺✳✷✸ ❡t ✺✳✷✹✳
❞✐sq✉❡ ♣❛r r❛♣♣♦rt ❛✉ s✐❧❧♦♥✱ ♦♥ ♦❜s❡r✈❡ ✉♥❡ s✉r❞❡♥s✐té ❞❡ ♣❧❛♥étés✐♠❛✉①✳ ▲❡s ✐♥❝❧✐♥❛✐s♦♥s ✜✲
♥❛❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉① ✈♦♥t ❞❡ ✷✝à ✽✝❞❛♥s ❧❛ ♣❛rt✐❡ ✐♥t❡r♥❡ ❞✉ ❞✐sq✉❡✱ ❡t ❞❡ ✸✝à ✻✝❞❛♥s ❧❛
♣❛rt✐❡ ❡①t❡r♥❡✱ ❧❛ sé♣❛r❛t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ét❛♥t ♥❡tt❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✷✷✭❛✮✮✳ ▲❡s ❞❡✉① ♣❛rt✐❡s
❞✉ ❞✐sq✉❡ ♣❡♥❝❤❡♥t ♥é❛♥♠♦✐♥s ❞❛♥s ❧❡ ♠ê♠❡ s❡♥s✳
❉❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✷✱ ♦♥ ♥✬♦❜s❡r✈❡ ♣❛s ❞❡ s✐❧❧♦♥ ❞❛♥s ❧❡ ❞✐sq✉❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✷✹✭❛✮✮✳ ◆é❛♥✲
♠♦✐♥s✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡♠✐✲❣r❛♥❞ ❛①❡ ✭✜❣✉r❡ ✺✳✷✷✭❜✮✮ ♠♦♥tr❡♥t
é❣❛❧❡♠❡♥t ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞✐✛ér❡♥t ❡♥ ❞❡ç❛ ❡t ❛✉✲❞❡❧à ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧❛q✉❡❧❧❡ ❧❛ ♣❧❛♥èt❡
tr❛✈❡rs❡ ❧❡ ❞✐sq✉❡ ✭✾✷✱✺ ❯❆✮✳ ❊♥ ❞❡ç❛✱ ❧✬✐♥❝❧✐♥❛✐s♦♥ ✜♥❛❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❡st ❝♦♠♣r✐s❡ ❡♥tr❡
✷✝❡t ✺✝❡t ❧❛ ❞✐r❡❝t✐♦♥ ✈❡rs ❧❛q✉❡❧❧❡ ❧❡ ❞✐sq✉❡ ✓ ♣❡♥❝❤❡ ✔ ❧❡ ♣❧✉s ✈❡rs ❧❡s x ♣♦s✐t✐❢s ❡st ❝❡❧❧❡ ❞✉
♥÷✉❞ ❞❡s❝❡♥❞❛♥t✳ ❆✉ ❞❡❧à ❞❡ ✾✷✱✺ ❯❆✱ ❧❡s ✐♥❝❧✐♥❛✐s♦♥s ✜♥❛❧❡s ❞❡s ♣❧❛♥étés✐♠❛✉① s♦♥t ❝♦♠♣r✐s❡s
❡♥tr❡ ✶✝❡t ✾✝✱ ✉♥ ✐♥t❡r✈❛❧❧❡ ♣❧✉s ❧❛r❣❡ q✉✐ ❛✉❣♠❡♥t❡ ❧❡ ✈♦❧✉♠❡ ♦❝❝✉♣é ♣❛r ❧❡s ♣❧❛♥étés✐♠❛✉①
✭❡t ❞✐♠✐♥✉❡ ❞♦♥❝ ❧❡✉r ♣r♦❜❛❜✐❧✐té ❞❡ ❝♦❧❧✐s✐♦♥✮✱ ❡t ❧❛ ❞✐r❡❝t✐♦♥ ✈❡rs ❧❛q✉❡❧❧❡ ❧❡ ❞✐sq✉❡ ✓ ♣❡♥❝❤❡ ✔
❧❡ ♣❧✉s ✈❡rs ❧❡s x ♣♦s✐t✐❢s ❡st ❝❡❧❧❡ ❞❡ ❧✬❛♣♦❛str❡ ✭✈♦✐r ❧❡s ✜❣✉r❡s ✺✳✷✹✭❜✮ ❡t ✺✳✷✹✭❝✮✮✳
❈❡ ♣❤é♥♦♠è♥❡ ❞❡ ✓ ❞♦✉❜❧❡ ❞✐sq✉❡ ✔ ✭é✈♦❧✉t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✐✛ér❡♥t❡ ❡♥ ❞❡çà ❡t ❛✉✲❞❡❧à
❞✬✉♥ ❝❡rt❛✐♥ r❛②♦♥✮ ❛ été ♦❜s❡r✈é ❞❛♥s ❧❡ ❞✐sq✉❡ ❣❛✉❝❤✐ ✭✇❛r♣❡❞ ❞✐s❦✮ ❛✉t♦✉r ❞❡ β P✐❝t♦r✐s
❡t ✐♥t❡r♣rété ❝♦♠♠❡ ❞û à ❧✬❡①✐st❡♥❝❡ ❞✬✉♥❡ ♣❧❛♥èt❡ s✉r ✉♥❡ ♦r❜✐t❡ ✐♥❝❧✐♥é❡ ♣❛r ▼♦✉✐❧❧❡t ❡t ❛❧✳
✭✶✾✾✼✮ ✭✈♦✐r ❛✉ss✐ ▲❛❣r❛♥❣❡ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ◆♦✉s r❡tr♦✉✈♦♥s ✐❝✐ ❝❡ rés✉❧t❛t✳
◆♦✉s ❛✈♦♥s ❧❛♥❝é ❞❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ❞✐✛ér❡♥t❡s ♣♦✉r ❧❛ ♣❧❛♥èt❡s ✭✹✺✝❡t
✾✵✝✮✱ t♦✉❥♦✉rs ♣♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ t❡rr❡str❡✱ ♣♦✉r ❝❤❛❝✉♥❡ ❞❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s✳
◆♦✉s ❛✈♦♥s ❝♦♥st❛té q✉❡ ❧❡s ♠ê♠❡s ❡✛❡ts s❡ ♣r♦❞✉✐s❛✐❡♥t ✭s✐❧❧♦♥✱ ❜❛s❝✉❧❡♠❡♥t ❞✉ ❞✐sq✉❡✱ ❝♦♠✲
♣♦rt❡♠❡♥t ❞✐✛ér❡♥t ❞❡s ♣❧❛♥étés✐♠❛✉① ❡♥ ❞❡çà ❡t ❛✉✲❞❡❧à ❞❡ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❝r♦✐s❡♠❡♥t ❡♥tr❡
❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❞✉ ❞✐sq✉❡✮✱ ♠❛✐s ❛✈❡❝ ❞❡s ✈❛❧❡✉rs ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉①
❞✬❛✉t❛♥t ♣❧✉s ♣❡t✐t❡s q✉❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st é❧❡✈é❡✳ ▲❡ s✐❧❧♦♥ ❡st é❣❛❧❡♠❡♥t ✈✐s✐❜❧❡
✭❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✶✮ ❧♦rsq✉❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ ❞❡ ❧❛ ♣❧❛♥èt❡ ❛✉❣♠❡♥t❡✳
◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t t❡sté ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡✱ ♣♦✉r ✉♥❡ ✐♥❝❧✐♥❛✐s♦♥ ❞❡
❧✬♦r❜✐t❡ ❞❡ ✷✷✱✺✝✳ ◆♦✉s ❛✈♦♥s t❡sté ❝✐♥q ♠❛ss❡s ♣❧❛♥ét❛✐r❡s✱ ❝♦rr❡s♣♦♥❞❛♥t à ❝❡❧❧❡s ❞❡ ❙❡❞♥❛✱
✾✸
✭❛✮ ❱✉❡ ❞❡ ❞❡ss✉s✱ ♣❧♦t ①✲②
✭❜✮ ❱✉❡ ❞❡ ❝ôté✱ ♣❧♦t ①✲③ ✭❝✮ ❱✉❡ ❞❡ ❝ôté✱ ♣❧♦t ②✲③
❋✐❣✉r❡ ✺✳✷✸ ✕ P♦s✐t✐♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ t❡rr❡str❡
❞✬é❧é♠❡♥ts ♦r❜✐t❛✉① a = ✸✸✸✱✸✸ ❯❆✱ e = ✵✱✽✺✱ i = ✷✷✱✺✝✱ Ω = 0✝✱ ω = 180✝✭❝♦♥✜❣✉r❛t✐♦♥ ✶✱ ❧❛ ❧✐❣♥❡ ❞❡s
❛♣s✐❞❡s ❡t ❧❛ ❧✐❣♥❡ ❞❡s ♥÷✉❞s s♦♥t ❝♦♥❢♦♥❞✉❡s ❡t ❧❡ ♣ér✐❛str❡ ❡st s✐t✉é ❛✉ ♥✐✈❡❛✉ ❞✉ ♥÷✉❞ ❞❡s❝❡♥❞❛♥t✮✱
à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st r❡♣rés❡♥té❡ ❡♥ ❜❧❡✉✳
❆tt❡♥t✐♦♥✱ ❧✬é❝❤❡❧❧❡ ❞❡s z ♥✬❡st ♣❛s ❧❛ ♠ê♠❡ q✉❡ ❝❡❧❧❡ ❞❡s x ❡t ❞❡s y✳
✾✹
✭❛✮ ❱✉❡ ❞❡ ❞❡ss✉s✱ ♣❧♦t ①✲②
✭❜✮ ❱✉❡ ❞❡ ❝ôté✱ ♣❧♦t ①✲③ ✭❝✮ ❱✉❡ ❞❡ ❝ôté✱ ♣❧♦t ②✲③
❋✐❣✉r❡ ✺✳✷✹ ✕ P♦s✐t✐♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ t❡rr❡str❡
❞✬é❧é♠❡♥ts ♦r❜✐t❛✉① a = ✸✸✸✱✸✸ ❯❆✱ e = ✵✱✽✺✱ i = ✷✷✱✺✝✱ Ω = 90✝✱ ω = 90✝✭❝♦♥✜❣✉r❛t✐♦♥ ✷✱ ❧❛ ❧✐❣♥❡ ❞❡s
❛♣s✐❞❡s ❡t ❧❛ ❧✐❣♥❡ ❞❡s ♥÷✉❞s s♦♥t ♦rt❤♦❣♦♥❛❧❡s ❡t ❧❡ ♣ér✐❛str❡ ❡st s✐t✉é ✾✵✝❛♣rès ❧❡ ♥÷✉❞ ❞❡s❝❡♥❞❛♥t✮✱
à ❧✬✐ss✉❡ ❞❡s ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ▲✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st r❡♣rés❡♥té❡ ❡♥ ❜❧❡✉✳
❆tt❡♥t✐♦♥✱ ❧✬é❝❤❡❧❧❡ ❞❡s z ♥✬❡st ♣❛s ❧❛ ♠ê♠❡ q✉❡ ❝❡❧❧❡ ❞❡s x ❡t ❞❡s y✳
✾✺
❧❛ ▲✉♥❡✱ ▼❛rs✱ ❧❛ ❚❡rr❡ ❡t ◆❡♣t✉♥❡ ✭✈♦✐r ❧❡s ✈❛❧❡✉rs ❛✉ t❛❜❧❡❛✉ ✺✳✸✮✳ P♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡
♠❛ss❡ ♠❛rt✐❡♥♥❡✱ ♦♥ ♦❜s❡r✈❡ ✉♥ très ❧é❣❡r ❜❛s❝✉❧❡♠❡♥t ❞✉ ❞✐sq✉❡✳ ❊♥ ❞❡ç❛ ❞❡ ❝❡tt❡ ♠❛ss❡✱ ❛✉✲
❝✉♥❡ str✉❝t✉r❡ ♥✐ ♠♦✉✈❡♠❡♥t ❞✬❡♥s❡♠❜❧❡ ♥❡ s♦♥t ❞✐s❝❡r♥❛❜❧❡s✳ P♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡
♥❡♣t✉♥✐❡♥♥❡✱ ❛✉ ❝♦♥tr❛✐r❡✱ ❧❡s ❡✛❡ts s♦♥t très ❛❝❝❡♥t✉és ✿ ❧❡s ❞❡✉① ♣❛rt✐❡s ❞✉ ❞✐sq✉❡ é✈♦❧✉❡♥t
✐♥❞é♣❡♥❞❛♠♠❡♥t✱ ♣❧✉s r❛♣✐❞❡♠❡♥t q✉❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ♠❛ss❡ t❡rr❡str❡✱ ❡t ❧❡s ✐♥❝❧✐♥❛✐s♦♥s
❛tt❡✐❣♥❡♥t ❞❡s ✈❛❧❡✉rs très ✐♠♣♦rt❛♥t❡s✱ ❧❡s ❞❡✉① ♣❛rt✐❡s ❞✉ ❞✐sq✉❡ ❜❛s❝✉❧❛♥t ❛✉ ♣♦✐♥t ❞❡ s❡
r❡t♦✉r♥❡r✳ ▲❡ t❛✉① ❞✬é❥❡❝t✐♦♥ ✜♥❛❧ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✿
✶ ✪ ❧♦rsq✉❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ ♦r❜✐t❛❧❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st ♥✉❧❧❡✱ ✼ ✪ ❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✶ ❡t ✸✺ ✪
❞❛♥s ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ✷✳
❊♥✜♥✱ ♥♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t t❡sté ❧✬❡✛❡t ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧✬ét♦✐❧❡ ✿ ♣♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡
♠❛ss❡ t❡rr❡str❡ ❛✈❡❝ ✉♥❡ ✐♥❝❧✐♥❛✐s♦♥ ❞❡ ✷✷✱✺✝✱ ❡t ♣♦✉r ❧❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s t❡sté❡s✱ ♥♦✉s
❛✈♦♥s ❧❛♥❝é ❞❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ✉♥❡ ét♦✐❧❡ ❞❡ t②♣❡ ❆ ❞❡ ✷✱✺ ♠❛ss❡s s♦❧❛✐r❡s ❡t ✉♥❡ ét♦✐❧❡ ❞❡
t②♣❡ ▼ ❞❡ ✵✱✷✺ ♠❛ss❡ s♦❧❛✐r❡✱ ❡♥ ♣❧✉s ❞❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s ❝✐✲❞❡ss✉s✱ ❡✛❡❝t✉é❡s ❛✉t♦✉r
❞✬✉♥❡ ét♦✐❧❡ ● ❞✬✉♥❡ ♠❛ss❡ s♦❧❛✐r❡✳ ❊♥❝♦r❡ ✉♥❡ ❢♦✐s✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é ❧❡s ♠ê♠❡s str✉❝t✉r❡s
❡t ❧❡s ♠ê♠❡s ❡✛❡ts ❞❡ sé♣❛r❛t✐♦♥ ❡t ❞❡ ❜❛s❝✉❧❡♠❡♥t ❞✉ ❞✐sq✉❡ ❞❛♥s ❧❡s tr♦✐s ❝❛s✳ P❧✉s ❧❛ ♠❛ss❡
❞❡ ❧✬ét♦✐❧❡ ❡st ♣❡t✐t❡✱ ♣❧✉s ❝❡s ❡✛❡ts s♦♥t ♣r♦♥♦♥❝és ✭✈❛❧❡✉rs ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉①
♣❧✉s ✐♠♣♦rt❛♥t❡s✮✳
▲✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❡st ❞♦♥❝ très ❞é♣❡♥❞❛♥t ❞❡
❧✬✐♥❝❧✐♥❛✐s♦♥ ❡♥tr❡ ❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❧❡ ❞✐sq✉❡✳ ❯♥❡ ♣❡t✐t❡ ♣❧❛♥èt❡ tr❛✈❡rs❛♥t ✉♥ ❞✐sq✉❡
❞❡ ❞é❜r✐s✱ ♣❡✉t✱ s❛♥s ❞✐s♣❡rs❡r ❧❡ ❞✐sq✉❡✱ ❧❡ str✉❝t✉r❡r✱ ❧❡ ❞✐✈✐s❡r ❡t✴♦✉ ❧❡ ❢❛✐r❡ ❜❛s❝✉❧❡r✳ ❈❡s
❡✛❡ts s♦♥t très ❞é♣❡♥❞❛♥ts ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧✬♦r❜✐t❡ ♣❛r r❛♣♣♦rt ❛✉ ❞✐sq✉❡ ✭❞✐r❡❝t✐♦♥s ❞✉
♥÷✉❞ ❛s❝❡♥❞❛♥t ❡t ❞✉ ♣ér✐❛str❡✱ ♣♦✐♥ts ❞❡ ❝r♦✐s❡♠❡♥t ❡♥tr❡ ❧❡ ❞✐sq✉❡ ❡t ❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡✮✱
❡t s♦♥t ❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦rt❛♥ts q✉❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ ♦r❜✐t❛❧❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st ❢❛✐❜❧❡✱ q✉❡ ❧❛ ♠❛ss❡
❧✬ét♦✐❧❡ ❡st ♣❡t✐t❡ ❡t q✉❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st ❣r❛♥❞❡✳
✾✻
❈❤❛♣✐tr❡ ✻
▼♦❞è❧❡ ♣♦✉r ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s
❞❡ ❞é❜r✐s ❞ét❡❝tés ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡
❧♦✐♥t❛✐♥
✻✳✶ ■♠♣❛❝t ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s ♣❧❛♥étés✐♠❛✉① s✉r ❧❛ ♣r♦✲
❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡
✻✳✶✳✶ ▼♦❞è❧❡s ❛♥❛❧②t✐q✉❡s
▲❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ré❛❧✐sé❡s à ♣❛rt✐r ❞✉ ❝♦❞❡ ❞é❝r✐t ❛✉ ❝❤❛♣✐tr❡ ✷ ❞♦♥♥❡♥t ❞❡s
✐♥❢♦r♠❛t✐♦♥s s✉r ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ❡t ♥♦t❛♠♠❡♥t s✉r ❧❛
❞✐str✐❜✉t✐♦♥ ❞❡ ❧❡✉rs é❧é♠❡♥ts ♦r❜✐t❛✉①✳ ◆é❛♥♠♦✐♥s✱ ❧❡s ♠ét❤♦❞❡s ❛❝t✉❡❧❧❡s ❞❡ ❞ét❡❝t✐♦♥ ❞❡
❞✐sq✉❡s ❞❡ ❞é❜r✐s ♥❡ ❞♦♥♥❡♥t ♣❛s ❛❝❝ès ❛✉① ♣❧❛♥étés✐♠❛✉① ✿ s❡✉❧s ❧❡s ♣❡t✐ts ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡
s♦♥t ❞ét❡❝tés✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉① ♣❧❛♥étés✐♠❛✉①✱ ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ♥❡ s♦♥t ♣❛s s♦✉♠✐s
q✉✬❛✉① s❡✉❧❡s ❢♦r❝❡s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❀ ✐❧s s✉❜✐ss❡♥t é❣❛❧❡♠❡♥t ❧❡s ❡✛❡ts ❞✉ r❛②♦♥♥❡♠❡♥t st❡❧✲
❧❛✐r❡ ✭♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥ ❡t ❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✮ ✭❆✉❣❡r❡❛✉ ❛♥❞ ❇❡✉st✱ ✷✵✵✻✮✳ ▲❡✉r
❞②♥❛♠✐q✉❡ ♦r❜✐t❛❧❡ ♥✬❡st ❞♦♥❝ ♣❛s t♦✉t à ❢❛✐t ❧❛ ♠ê♠❡ q✉❡ ❝❡❧❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉①✳
❆✜♥ ❞❡ r❡❧✐❡r ❧❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❡✛❡❝t✉é❡s ❛✉① ♦❜s❡r✈❛t✐♦♥s✱ ✐❧ ❝♦♥✈✐❡♥t ❞♦♥❝ ❞✬é✲
✈❛❧✉❡r ❞❡ q✉❡❧❧❡ ♠❛♥✐èr❡ ❧✬ét❛t ❞✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❛✛❡❝t❡ ❧❛
♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✳ P❧✉s✐❡✉rs ♠♦❞è❧❡s ♦♥t été ♣r♦♣♦sés ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❛✜♥ ❞❡ ❞ét❡r✲
♠✐♥❡r ❧❛ q✉❛♥t✐té ❞❡ ♣♦✉ss✐èr❡ ♣rés❡♥t❡ ❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ❡t s♦♥ é✈♦❧✉t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥
❞✉ t❡♠♣s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts✳ ❉❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❝❡tt❡
t❤ès❡✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sés ❞❡✉① ❞❡ ❝❡s ♠♦❞è❧❡s ✿ ❧❡ ♠♦❞è❧❡ ❞❡ ❉♦♠✐♥✐❦ ❛♥❞ ❉❡❝✐♥ ✭✷✵✵✸✮ ❡t
❝❡❧✉✐ ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✶✾✾✾✮✱ ❝♦♠♣❧été ♣❛r ❲②❛tt ❛♥❞ ❉❡♥t ✭✷✵✵✷✮ ❡t ♣❛r ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✳
▲❡s ❞❡✉① ♠♦❞è❧❡s ❞é❝r✐✈❡♥t ❞❡s ❞✐sq✉❡s ❡♥ ét❛t ❞✬éq✉✐❧✐❜r❡ ❝♦❧❧✐s✐♦♥♥❡❧✳ ▲❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡
❧❡s ♣❧❛♥étés✐♠❛✉① ❣é♥èr❡♥t ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ✿ ❝❤❛q✉❡ ❝♦❧❧✐s✐♦♥ ❞❡str✉❝tr✐❝❡ ❡♥tr❡ ♦❜❥❡ts
❞✉ ❞✐sq✉❡ ♣r♦❞✉✐t ❞❡s rés✐❞✉s ❞❡ t❛✐❧❧❡s ❞✐✈❡rs❡s✱ ♣❧✉s ♣❡t✐ts q✉❡ ❧❡s ♦❜❥❡ts ♣❛r❡♥ts✳ ❈❡s rés✐❞✉s
✈♦♥t à ❧❡✉r t♦✉r s✉❜✐r ❞❡s ❝♦❧❧✐s✐♦♥s✳ ▲❡s ♣❧✉s ♣❡t✐ts ❞❡s ❣r❛✐♥s ❛✐♥s✐ ❢♦r♠és s♦♥t s❡♥s✐❜❧❡s ❛✉①
❡✛❡ts ❞✉ r❛②♦♥♥❡♠❡♥t st❡❧❧❛✐r❡ ✭❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥ ❡t ♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥✮ ❡t s♦♥t ❛✐♥s✐
é❥❡❝tés ❞✉ ❞✐sq✉❡✳ ➚ ❧✬éq✉✐❧✐❜r❡✱ ❧❡ ✢✉① ❞❡ ♠❛ss❡ ❡♥tr❛♥t ❞❛♥s ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✱ ❞û ❛✉①
❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉①✱ ❡st é❣❛❧ ❛✉ ✢✉① ❞❡ ♠❛ss❡ ❡♥ s♦rt❛♥t✱ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉① ❣r❛✐♥s
❞❡ ♣♦✉ss✐èr❡ é✈❛❝✉és ♣❛r ❧❡ r❛②♦♥♥❡♠❡♥t st❡❧❧❛✐r❡✳
✾✼
❉❛♥s ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ à ❧✬éq✉✐❧✐❜r❡✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ♦❜❥❡ts s✉✐t ✉♥❡ ❧♦✐
❞❡ ♣✉✐ss❛♥❝❡ ✿ ❧❡ ♥♦♠❜r❡ ❞❡ ❣r❛✐♥s ❞♦♥t ❧❛ t❛✐❧❧❡ ❡st ❝♦♠♣r✐s❡ ❡♥tr❡ a ❡t a+da ❡st ♣r♦♣♦rt✐♦♥♥❡❧
à aγda ♦ù γ = ✲✸✱✺ ✭❉♦❤♥❛♥②✐✱ ✶✾✻✾✮✳ ❯♥❡ ét✉❞❡ ♥✉♠ér✐q✉❡ ✭❚❤é❜❛✉❧t ❛♥❞ ❆✉❣❡r❡❛✉✱ ✷✵✵✼✮ ❛
♠♦♥tré q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s ✭♣❡t✐t❡s t❛✐❧❧❡s✮ s✬é❝❛rt❛✐t ❞❡ ❝❡tt❡ ❧♦✐ ❡♥ ❞❡✈❡♥❛♥t
♣❧✉s ✓ ♦♥❞✉❧é❡ ✔✳ ▲❡s ❞❡✉① ♠♦❞è❧❡s s✉♣♣♦s❡♥t q✉❡ t♦✉t❡ ❧❛ ♣♦✉ss✐èr❡ ♣r♦❞✉✐t❡ ❞❛♥s ❧❡ ❞✐sq✉❡
❞❡ ❞é❜r✐s ❡st ✐ss✉❡ ❞❡ ❝♦❧❧✐s✐♦♥s ♣❛r♠✐ ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♣❧❛♥étés✐♠❛✉① ❞❡ ♠ê♠❡ r❛②♦♥ ac✱ ❡t
❞❡ ♠ê♠❡ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ρc✳
▲❡ ♠♦❞è❧❡ ❞❡ ❉♦♠✐♥✐❦ ❛♥❞ ❉❡❝✐♥ ✭✷✵✵✸✮✱ ❧❡ ♣❧✉s s✐♠♣❧❡ ❞❡s ❞❡✉①✱ ✉t✐❧✐s❡ ✉♥ ♠♦❞è❧❡
✓ ♣❛rt✐❝❧❡✲✐♥✲❛✲❜♦① ✔ à ♣r♦♣♦s ❞❡s ❝♦❧❧✐s✐♦♥s ❞❛♥s ❧❡ ❞✐sq✉❡✳ ▲❡ t❡♠♣s ❡♥tr❡ ❞❡✉① ❝♦❧❧✐s✐♦♥s
❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts s✬é❝r✐t ✿
τc =
V
vrelσcNc
✭✻✳✶✮
♦ù V ❡st ❧❡ ✈♦❧✉♠❡ ❞é❝r✐t ♣❛r ❧❡s ♣❧❛♥étés✐♠❛✉① ❧♦rs ❞❡ ❧❡✉r ❝♦✉rs❡ ❞❛♥s ❧❡ ❞✐sq✉❡✱ Nc ❧❡✉r
♥♦♠❜r❡ à ❧✬â❣❡ t ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ vrel ❧❡✉r ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡ ❝♦❧❧✐s✐♦♥ ❡t σc = 4πa2c ❧❛
s❡❝t✐♦♥ ❡✣❝❛❝❡ ❣é♦♠étr✐q✉❡ ❞❡ ❝♦❧❧✐s✐♦♥ ❡♥tr❡ ❞❡✉① ♣❧❛♥étés✐♠❛✉①✳ ❆✈❡❝ ✿
ts =
V
vrelσc
✭✻✳✷✮
❉♦♠✐♥✐❦ ❛♥❞ ❉❡❝✐♥ ✭✷✵✵✸✮ ♠♦❞é❧✐s❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❝♦♠èt❡s ❞✉❡ ❛✉① ❝♦❧❧✐s✐♦♥s
❞❡str✉❝tr✐❝❡s ♣❛r ✿
dNc
dt
= −2N
2
c
ts
✭✻✳✸✮
■❧s ❡♥ ❞é❞✉✐s❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❝♦♠èt❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬â❣❡ ❞✉ ❞✐sq✉❡ ✿
Nc(t) =
Nc(0)
1 + 2Nc(0)t/ts
✭✻✳✹✮
▲❡ ♣r♦❞✉✐t ❞❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❝♦♠èt❡s ❣é♥èr❡ ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✳ ❉❛♥s ❝❡tt❡ ❝❛s❝❛❞❡✱
t♦✉t ❣r❛✐♥ ❞❡ ♣♦✉ss✐èr❡ ❞❡ r❛②♦♥ a ♣❡✉t êtr❡ ❞étr✉✐t ♣❛r ✉♥ ❛✉tr❡ ❣r❛✐♥ ❞❡ t❛✐❧❧❡ s✉♣ér✐❡✉r❡ à
ǫa✳ ▲❡ ❢❛❝t❡✉r ǫ s❡ ❝❛❧❝✉❧❡ à ♣❛rt✐r ❞❡ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ vrel ❞❡s ❣r❛✐♥s ❡t ❞❡ ❧✬é♥❡r❣✐❡ ❞❡ ❧✐❛✐s♦♥
♣❛r ✉♥✐té ❞❡ ♠❛ss❡ S ✿
ǫ3 =
v2rel
4S
−
√
v4rel
16S2
− v
2
rel
2S
− 1 ✭✻✳✺✮
▲❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ♣❡✉✈❡♥t êtr❡ s♦✐t ❞étr✉✐ts ♣❛r ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❡✉①✱ s♦✐t é✈❛❝✉és ♣❛r
❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✳ ❉❛♥s ✉♥ ❞✐sq✉❡ ❞♦♠✐♥é ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❣r❛✐♥s ✈✐s✐❜❧❡s
❞✬✉♥❡ t❛✐❧❧❡ avis ❞❛♥s ❧❡ ❞✐sq✉❡ ❡st ❞♦♥♥é ♣❛r ✿
ncoll = Nc(t)a
−(γ+1)
c
√
−8(γ + 1)
ǫ(γ+1)
a
(γ+1)
vis ✭✻✳✻✮
❆ ❝♦♥tr❛r✐♦✱ ❞❛♥s ✉♥ ❞✐sq✉❡ ♦ù ❧✬é✈❛❝✉❛t✐♦♥ ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ✈✐s✐❜❧❡s ❡st ❞♦♠✐♥é ♣❛r
❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❣r❛✐♥s ❞✬✉♥❡ t❛✐❧❧❡ avis ❞❛♥s ❧❡ ❞✐sq✉❡ s✬é❝r✐t ✿
nPR = N
2
c
3a5cc
a3visr
2vK
✭✻✳✼✮
✾✽
♦ù c ❡st ❧❛ ✈✐t❡ss❡ ❞❡ ❧❛ ❧✉♠✐èr❡ ❡t vK ❧❛ ✈✐t❡ss❡ ❦é♣❧ér✐❡♥♥❡ ❞✉ ❣r❛✐♥✱ s✉r ❞✬✉♥❡ ♦r❜✐t❡ ❞❡ r❛②♦♥
r ❛✉t♦✉r ❞✬✉♥❡ ét♦✐❧❡ ❞❡ ♠❛ss❡ M∗ ✿
vK =
√
GM∗
r
✭✻✳✽✮
▲❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ✭❝♦✈❡r✐♥❣ ❢r❛❝t✐♦♥✮ fd ❞✉ ❞✐sq✉❡ s✬é❝r✐t ❞ès ❧♦rs ✿
fd =
nvisπa
2
vis
4πr2
✭✻✳✾✮
♦ù
nvis = min(ncoll, nPR) ✭✻✳✶✵✮
❡t r ❡st ❧❡ r❛②♦♥ ♠♦②❡♥ ❞✉ ❞✐sq✉❡✳
▲❡ ♠♦❞è❧❡ ❛♥❛❧②t✐q✉❡ ❞❡ ❉♦♠✐♥✐❦ ❛♥❞ ❉❡❝✐♥ ✭✷✵✵✸✮ ❝♦♥s✐❞èr❡ q✉❡ ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡
♥✬❡st ✐♥✐t✐é❡ q✉❡ ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts ❡♥tr❡ ❡✉①✳ ▲❡ ♠♦❞è❧❡ ❞❡ ❲②❛tt
❡t ❛❧✳ ✭✷✵✵✼❛✮ ❧❡ ❝♦♠♣❧èt❡ ❡♥ ② ❛❥♦✉t❛♥t ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❧❡s ♣❧❛♥étés✐♠❛✉① ✐♥✐t✐❛✉① ❡t ❧❡s
rés✐❞✉s ❞❡ ❝♦❧❧✐s✐♦♥s ❛♥tér✐❡✉r❡s✳ ▲❛ ❞✉ré❡ ❞❡ ✈✐❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① s✬② é❝r✐t ❞♦♥❝
❞✐✛ér❡♠♠❡♥t ✿
τc =
4πr2dr × i
vrelσtotfcc
✭✻✳✶✶✮
▲❡ ♥✉♠ér❛t❡✉r ❞❡ ❧✬éq✉❛t✐♦♥ ✻✳✶✶ r❡♣rés❡♥t❡ ❧❡ ✈♦❧✉♠❡ ❞✉ ❞✐sq✉❡ ♦❝❝✉♣é ♣❛r ❧❡s ♣❧❛♥étés✐♠❛✉①
✭dr ❡st ❧❛ ❧❛r❣❡✉r ❞✉ ❞✐sq✉❡✱ r s❛ ❞✐st❛♥❝❡ ♠♦②❡♥♥❡ à ❧✬ét♦✐❧❡✱ i ❧✬✐♥❝❧✐♥❛✐s♦♥✱ ❡♥ r❛❞✐❛♥✱ ❞❡s
♣❧❛♥étés✐♠❛✉①✮✳ σtot ❡st ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❞❡ t♦✉s ❧❡s ♣❧❛♥étés✐♠❛✉① ❡t ❣r❛✐♥s ❞✉ ❞✐sq✉❡✱ r❡❧✐é❡
à ❧❡✉r ♠❛ss❡ t♦t❛❧❡ Mtot✱ ❞❛♥s ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ à ❧✬éq✉✐❧✐❜r❡✱ ♣❛r ✿
σtot =
3Mtot
4ρc
γ + 4
−γ − 3
dγ+3bl
dγ+4c
✭✻✳✶✷✮
♦ù ρc ❡st ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉①✱ dc = 2ac ❧❡✉r ❞✐❛♠ètr❡ ❡t dbl ❡st
❧❛ ✓ ❜❧♦✇✲♦✉t s✐③❡ ✔✱ t❛✐❧❧❡ ❛✉✲❞❡ss♦✉s ❞❡ ❧❛q✉❡❧❧❡ ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ s♦♥t é✈❛❝✉és ♣❛r ❧❛
♣r❡ss✐♦♥ ❞❡ r❛❞✐❛t✐♦♥ st❡❧❧❛✐r❡ ✭❲②❛tt ❡t ❛❧✳✱ ✷✵✵✼❜✮ ✿
dbl = 8× 10−7 2700
ρc
L∗
M∗
✭✻✳✶✸✮
♦ù dbl ❡t ρc s♦♥t ❡♥ ✉♥✐tés ❞✉ s②stè♠❡ ✐♥t❡r♥❛t✐♦♥❛❧ ❡t ❧❛ ❧✉♠✐♥♦s✐té L∗ ❡t ❧❛ ♠❛ss❡ M∗ ❞❡
❧✬ét♦✐❧❡ s♦♥t ❡♥ ✉♥✐tés s♦❧❛✐r❡s✳
fcc ❡st ❞é✜♥✐ ❞❛♥s ❲②❛tt ❡t ❛❧✳ ✭✶✾✾✾✮ ❡t ❝♦rr❡s♣♦♥❞ ❛✉ ♥♦♠❜r❡s ❞✬✐♠♣❛❝t❡✉rs q✉✐ ♣❡✉✈❡♥t
❡♥tr❡r ❡♥ ❝♦❧❧✐s✐♦♥ ❛✈❡❝ ❝❤❛q✉❡ ♣❧❛♥étés✐♠❛❧ ❀ ✐❧ s✬é❝r✐t ✭✈♦✐r ❲②❛tt ❡t ❛❧✳✱ ✷✵✵✼❛✮ ✿
fcc =
(
dc
dbl
)γ+3 [(
ǫγ+3 − 1
)
+
2γ + 6
γ + 2
(
ǫγ+2 − 1
)
+
γ + 3
γ + 1
(
ǫγ+1 − 1
)]
✭✻✳✶✹✮
▲❡ ❢❛❝t❡✉r ǫ ✭❛♣♣❡❧é Xc ❞❛♥s ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✮ ❡st r❡❧✐é à ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡s ♣❧❛♥étés✐✲
♠❛✉① ♣❛r ❧❛ ❢♦r♠✉❧❡ ✿
ǫ =
(
2Q∗D
v2rel
) 1
3
✭✻✳✶✺✮
✾✾
♦ù Q∗D ❡st ❧✬é♥❡r❣✐❡ s♣é❝✐✜q✉❡ ✐♥❝✐❞❡♥t❡ r❡q✉✐s❡ ♣♦✉r ❞étr✉✐r❡ ❝❛t❛str♦♣❤✐q✉❡♠❡♥t ✉♥ ♣❧❛♥été✲
s✐♠❛❧ ♦✉ ✉♥ ❣r❛✐♥ ❞❡ ♣♦✉ss✐èr❡✳
❉❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✱ ❧❛ ♠❛ss❡ t♦t❛❧❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞✐♠✐♥✉❡ ❡♥
❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s s❡❧♦♥ ❧✬❡①♣r❡ss✐♦♥ ✿
Mtot(t) =
Mtot(0)
1 + tτc(0)
✭✻✳✶✻✮
♦ù Mtot(0) ❡st ❧❛ ♠❛ss❡ ♦r✐❣✐♥❡❧❧❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ❖♥ ♣❡✉t ❡♥s✉✐t❡ ❡♥ ❞é❞✉✐r❡ ❧❛ ❧✉♠✐♥♦s✐té
❢r❛❝t✐♦♥♥❛✐r❡ ❞✉ ❞✐sq✉❡ ✿
fd =
3Mtot(t)
16πρcr2
γ + 4
−γ − 3
dγ+3bl
dγ+4c
✭✻✳✶✼✮
✻✳✶✳✷ ❉✐str✐❜✉t✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés
❉❛♥s ❝❡s ❞❡✉① ♠♦❞è❧❡s ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡ ❝♦❧❧✐s✐♦♥ vrel
s✬é❝r✐t ✿
vrel = f(e, i)vK ✭✻✳✶✽✮
♦ù vK ❡st ❧❛ ✈✐t❡ss❡ ❦é♣❧ér✐❡♥♥❡ à ❧❛ ❞✐st❛♥❝❡ r ♠♦②❡♥♥❡ ❞✉ ❞✐sq✉❡ à ❧✬ét♦✐❧❡✱ ❞é✜♥✐❡ à ❧✬éq✉❛t✐♦♥
✻✳✽✱ ❡t f(e, i) ❞é♣❡♥❞ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ✭❡①❝❡♥tr✐❝✐tés ❡t ✐♥❝❧✐♥❛✐s♦♥s✮ ❞❡s ♣❧❛♥étés✐♠❛✉①✳
❉❛♥s ❉♦♠✐♥✐❦ ❛♥❞ ❉❡❝✐♥ ✭✷✵✵✸✮✱ f(e, i) = i✱ ❧✬❡✛❡t ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ♦r❜✐t❛❧❡ ❞❡s ♣❧❛♥étés✐✲
♠❛✉① ♥✬ét❛♥t ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡✳ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮ ✉t✐❧✐s❡ ❧✬❡①♣r❡ss✐♦♥ ❞é✈❡❧♦♣♣é❡ ♣❛r
▲✐ss❛✉❡r ❛♥❞ ❙t❡✇❛rt ✭✶✾✾✸✮✱ ✈❛❧✐❞❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❘❛②❧❡✐❣❤ ❞❡s ❡①❝❡♥tr✐❝✐tés
❡t ✐♥❝❧✐♥❛✐s♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ✉♥ ❞✐sq✉❡ ❛✉t♦✲❣r❛✈✐t❛♥t ✿
f(e, i) =
√
1.25e2 + i2 ✭✻✳✶✾✮
P♦✉r ❝❡s ❞❡✉① ♠♦❞è❧❡s✱ ❧❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡ ❝♦❧❧✐s✐♦♥ vrel ❡st ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞✬✉♥❡ ♠♦②❡♥♥❡
❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s ♣❧❛♥étés✐♠❛✉①✱ ✐ss✉❡ ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ s✐♠♣❧❡ ❞❡ ❧❡✉rs ❡①❝❡♥tr✐❝✐tés
❡t ✐♥❝❧✐♥❛✐s♦♥s✳ ❖r ♥♦✉s ❛✈♦♥s ✈✉ ❞❛♥s ❧❡s ❝❤❛♣✐tr❡s ✹ ❡t ✺ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧é♠❡♥ts
♦r❜✐t❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡ ♣❡✉t ♣r❡♥❞r❡ ❞❡s ❢♦r♠❡s ❞✐✈❡rs❡s ❡t êtr❡ ♣❛r❢♦✐s très ét❛❧é❡✳ ❉❛♥s ❝❡
tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s
♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❛✜♥ ❞✬❛✣♥❡r ❝❡ ♠♦❞è❧❡ ❀ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❡st✐♠❡r q✉❡❧❧❡ ❡st ❧✬✐♠✲
♣♦rt❛♥❝❡ ❞❡ ❝❡tt❡ ❛♠é❧✐♦r❛t✐♦♥✳
❙✐ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts ♣❡✉t êtr❡ ♦❜t❡♥✉❡ à ♣❛r✲
t✐r ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ✭✈♦✐r ❧❡s ❝❤❛♣✐tr❡s ✹ ❡t ✺✮✱ ❝❡❧❧❡ ❞❡s rés✐❞✉s ❞❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡
♣❧❛♥étés✐♠❛✉① ❡st ♥❡tt❡♠❡♥t ♣❧✉s ❞é❧✐❝❛t❡ à ❞ét❡r♠✐♥❡r✳ ▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❞✐str✐❜✉t✐♦♥s
❞✬é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❛♥s ❧❡ t❡♠♣s ❡t à ❝❤❛q✉❡ ét❛♣❡ ✭❝♦❧❧✐s✐♦♥✮ ❞❡ ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡
♥é❝❡ss✐t❡ ❞❡s ❞é✈❡❧♦♣♣❡♠❡♥ts ❡①❝❡ss✐✈❡♠❡♥t ❧♦✉r❞s✱ t❛♥t ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❛♥❛❧②t✐q✉❡ q✉❡
♥✉♠ér✐q✉❡✳ ❆✉ss✐ ❛✈♦♥s✲♥♦✉s ❞é❝✐❞é✱ ♣♦✉r ✉♥❡ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡✱ ❞❡ ♥♦✉s r❡str❡✐♥❞r❡ à ✉♥
♣r♦❜❧è♠❡ s✐♠♣❧❡✳
◆♦✉s ❛✈♦♥s ❝♦♥s✐❞éré ✉♥ ❞✐sq✉❡ ❞❛♥s ❧❡q✉❡❧ ❧❡s ♣❧❛♥étés✐♠❛✉①✱ ❛✐♥s✐ q✉❡ ❧❡s rés✐❞✉s ✐ss✉s
❞❡s ❝♦❧❧✐s✐♦♥s✱ s♦♥t ré♣❛rt✐s ❡♥ ❝✐♥q ❢❛♠✐❧❧❡s ❞✬❡①❝❡♥tr✐❝✐tés ei ❞✐✛ér❡♥t❡s✳ ▲❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❝❤❛✲
❝✉♥❡ ❞❡ ❝❡s ❢❛♠✐❧❧❡s ♣❛r r❛♣♣♦rt ❛✉ ♥♦♠❜r❡ t♦t❛❧ ❞❡ ♣❧❛♥étés✐♠❛✉① ❡st ♥♦té❡ n(ei)✳ ▲❡ ❞✐sq✉❡
✶✵✵
❡st é❣❛❧❡♠❡♥t ❞✐✈✐sés ❡♥ ❝✐♥q ❛♥♥❡❛✉①✱ ❞❡ ❧❛r❣❡✉rs é❣❛❧❡s✳ ❈❤❛❝✉♥ ❞❡ ❝❡s ❛♥♥❡❛✉① ♣rés❡♥t❡ ❧❛
♠ê♠❡ ❞✐str✐❜✉t✐♦♥ ❡♥ ❡①❝❡♥tr✐❝✐tés✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ✐♥❝❧✐♥❛✐s♦♥s ♥✬❡st ♣❛s ✐❝✐ ♣r✐s❡ ❡♥ ❝♦♠♣t❡✳
▲❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡ ❝♦❧❧✐s✐♦♥ vrel ❞é♣❡♥❞ ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉①✳ ▲❡s ❝♦❧❧✐✲
s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ✐ss✉s ❞✬✉♥ ♠ê♠❡ ❡♥s❡♠❜❧❡ r❡♣rés❡♥t❡♥t ✉♥❡ ♣r♦♣♦rt✐♦♥ ❞❡ n(ei)2 ♣❛r
r❛♣♣♦rt à ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝♦❧❧✐s✐♦♥s ♣♦ss✐❜❧❡s ❀ ♣♦✉r ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ✐ss✉s ❞❡
❞❡✉① ❡♥s❡♠❜❧❡s ❞✐✛ér❡♥ts✱ ❧❛ ♣r♦♣♦rt✐♦♥ ❡st ❞❡ n(ei).n(ej)✳ ▲❛ ✈✐t❡ss❡ r❡❧❛t✐✈❡ ❞❡ ❝♦❧❧✐s✐♦♥ vrel
❡st ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞❡s éq✉❛t✐♦♥s ✻✳✽✱ ✻✳✶✽ ❡t ✻✳✶✾ ❀ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❡s ♣❧❛♥étés✐♠❛✉① ♥✬♦♥t ♣❛s
❧❛ ♠ê♠❡ ❡①❝❡♥tr✐❝✐té✱ ❧❛ ♠♦②❡♥♥❡ q✉❛❞r❛t✐q✉❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❡st ✉t✐❧✐sé❡ ❞❛♥s ❧✬éq✉❛t✐♦♥ ✻✳✶✾✳
➚ ♣❛rt✐r ❞❡s éq✉❛t✐♦♥s ✻✳✾ ❡t ✻✳✶✼✱ ❧❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ❞✉ ❞✐sq✉❡ ❡st ❝❛❧❝✉❧é❡ ❞❡ ❞❡✉①
❢❛ç♦♥s ✿ ❞✬❛❜♦r❞ à ♣❛rt✐r ❞❡ ❧❛ ♠♦②❡♥♥❡ ❣❧♦❜❛❧❡ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞✉ ❞✐sq✉❡ ❀ ❡♥s✉✐t❡ ❡♥
❢❛✐s❛♥t ✉♥ ♠♦②❡♥♥❡ ♣♦♥❞éré❡ ❞❡s ✈✐t❡ss❡s r❡❧❛t✐✈❡s ❝❛❧❝✉❧é❡s ❞❡ ❧❛ ❢❛ç♦♥ ❞é❝r✐t❡ ❛✉ ♣❛r❛❣r❛♣❤❡
♣ré❝é❞❡♥t ✿
fd =
∑
i
∑
j
n(ei)n(ej)fd(ei, ej) ✭✻✳✷✵✮
▲❡s rés✉❧t❛ts ❞❡ ❝❡s ❞❡✉① ❢❛ç♦♥s ❞❡ ❝❛❧❝✉❧❡r fd s♦♥t ❡♥s✉✐t❡ ❝♦♠♣❛rés✳
Pr♦♣♦rt✐♦♥ n(ei) 〈e〉 ➱❝❛rt ❡♥tr❡ ❧❡s ❞❡✉① fd ❝❛❧❝✉❧és
ei = ✵✱✵✺ ei = ✵✱✶✺ ei = ✵✱✷✺ ei = ✵✱✸✺ ei = ✵✱✹✺ ▼♦❞è❧❡ ❉❉✵✸ ▼♦❞è❧❡ ❲✵✼❛
✵ ✪ ✵ ✪ ✶✵✵ ✪ ✵ ✪ ✵ ✪ ✵✱✷✺ ✻✱✼ ✪ ✷✱✼ ✪
✶✵ ✪ ✷✵ ✪ ✹✵ ✪ ✷✵ ✪ ✶✵ ✪ ✵✱✷✺ ✶✸ ✪ ✸✸ ✪
✷✵ ✪ ✷✵ ✪ ✷✵ ✪ ✷✵ ✪ ✷✵ ✪ ✵✱✷✺ ✷✶ ✪ ✻✺ ✪
✷✺ ✪ ✷✵ ✪ ✶✵ ✪ ✷✵ ✪ ✷✺ ✪ ✵✱✷✺ ✷✼ ✪ ✽✺ ✪
✶✵ ✪ ✹✵ ✪ ✵ ✪ ✹✵ ✪ ✶✵ ✪ ✵✱✷✺ ✶✻ ✪ ✺✶ ✪
✹✵ ✪ ✶✵ ✪ ✵ ✪ ✶✵ ✪ ✹✵ ✪ ✵✱✷✺ ✺✷ ✪ ✶✹✹ ✪
✸✺ ✪ ✸✵ ✪ ✷✵ ✪ ✶✵ ✪ ✺ ✪ ✵✱✶✼ ✷✼ ✪ ✸✾ ✪
✹✵ ✪ ✹✺ ✪ ✺ ✪ ✺ ✪ ✺ ✪ ✵✱✶✹ ✷✻ ✪ ✷✹ ✪
✺ ✪ ✶✵ ✪ ✷✵ ✪ ✸✵ ✪ ✸✺ ✪ ✵✱✸✸ ✶✵ ✪ ✸✶ ✪
✺ ✪ ✺ ✪ ✺ ✪ ✹✺ ✪ ✹✵ ✪ ✵✱✸✻ ✽✱✻ ✪ ✷✷ ✪
❚❆❇▲❊❆❯ ✻✳✶ ✕ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s ✈❛❧❡✉rs ❞❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ❞✉ ❞✐sq✉❡ ❝❛❧❝✉❧é❡s ❞❛♥s
✉♥ ❝❛s ❛✈❡❝ ❧❛ ♠♦②❡♥♥❡ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❞❛♥s ❧✬❛✉tr❡ ❝❛s ❡♥ t❡♥❛♥t ❝♦♠♣t❡
❞❡ ❧❡✉r ❞✐str✐❜✉t✐♦♥✳ ❖♥ ♦❜t✐❡♥t s②sté♠❛t✐q✉❡♠❡♥t ✉♥ ♥♦♠❜r❡ ♣❧✉s ✐♠♣♦rt❛♥t ❞❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✳ ▲❡s
♣❧❛♥étés✐♠❛✉① s♦♥t ré♣❛rt✐s ❡♥tr❡ ❝✐♥q ❢❛♠✐❧❧❡s ❞✬❡①❝❡♥tr✐❝✐tés ♠♦②❡♥♥❡s e1 = ✵✱✵✺✱ e2 = ✵✱✶✺✱ e3 = ✵✱✷✺✱
e4 = ✵✱✸✺✱ e5 = ✵✱✹✺✱ ❞♦♥t ❧❡s ♣♦✐❞s r❡❧❛t✐❢s s♦♥t ❞♦♥♥és ❞❛♥s ❧❡s ❝✐♥q ♣r❡♠✐èr❡s ❝♦❧♦♥♥❡s ❞✉ t❛❜❧❡❛✉✳
▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❡st ❞♦♥♥é❡ à ❧❛ ❝♦❧♦♥♥❡ s✉✐✈❛♥t❡✳
▲❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s s✬ét❡♥❞ ❞❡ ✸✺ à ✺✵ ❯❆✱ ❡t ❡st ❞✐✈✐sé ❡♥ s✐① ❛♥♥❡❛✉①✱ ❝❤❛❝✉♥ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥
❞❡♠✐✲❣r❛♥❞ ❛①❡ ❞✐✛ér❡♥t ♣♦✉r ❧❡s ♣❧❛♥étés✐♠❛✉①✳ ▲❛ ❝♦❧♦♥♥❡ ✏▼♦❞è❧❡ ❉❉✵✸✑ ❝♦rr❡s♣♦♥❞ ❛✉ ♠♦❞è❧❡
❞❡ ❉♦♠✐♥✐❦ ❛♥❞ ❉❡❝✐♥ ✭✷✵✵✸✮✱ ❛✈❡❝ S = ✷✵✵ ❏✳❦❣−1✱ ρc = ✶✵✵✵ ❦❣✳♠−3✱ avis = ✶ µ♠✱ M∗ = ✶ ▼⊙✱
Mtot(0) = ✶✵ ▼⊕ ❡t ❧❡ ✈♦❧✉♠❡ V ❞✉ ❞✐sq✉❡ ❡st ❝❛❧❝✉❧é ❛✈❡❝ ✉♥❡ ❤❛✉t❡✉r H t❡❧❧❡ q✉❡ H(r) = r/5✳
▲❛ ❝♦❧♦♥♥❡ ✏▼♦❞è❧❡ ❲✵✼❛✑ ❝♦rr❡s♣♦♥❞ ❛✉ ♠♦❞è❧❡ ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✱ ❛✈❡❝ Q∗D = ✷✵✵ ❏✳❦❣
−1✱
ρc = ✷✼✵✵ ❦❣✳♠−3✱ dbl = ✸✵ µ♠✱ M∗ = ✷✱✾ ▼⊙✱ Mtot(0) = ✶✵ ▼⊕ ❡t i = ✵✱✶✺ r❛❞✳
❈❡tt❡ ♠ét❤♦❞❡ ♥✬❡st q✉✬✉♥❡ ♣r❡♠✐èr❡ ❛♣♣r♦①✐♠❛t✐♦♥✱ ❡t ♥❡ ♣❡✉t q✉❡ ❞♦♥♥❡r ✉♥❡ ✐❞é❡ ❞❡
❧✬❡✛❡t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞✉ ❞✐sq✉❡ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✳ ▲✬éq✉❛✲
t✐♦♥ ✻✳✷✵ sé♣❛r❡ ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts ❡♥ ♣❧✉s✐❡✉rs ❣r♦✉♣❡s ❡t ❝❛❧❝✉❧❡ ✉♥❡
♠♦②❡♥♥❡ ♣♦♥❞éré❡ s✉r ❝❡s ❣r♦✉♣❡s ❞❡ ❝♦❧❧✐s✐♦♥s✳ ❉❛♥s ✉♥ ❞✐sq✉❡ ❞♦♠✐♥é ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s✱ ❧❛
q✉❛♥t✐té ❞❡ ♣♦✉ss✐èr❡ ✜♥❛❧❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ♥♦♠❜r❡ ❞❡ ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ♣❧❛♥étés✐♠❛✉①
♣❛r❡♥ts ✭❡t ❞♦♥❝ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ❝❛rré ❞✉ ♥♦♠❜r❡ ❞❡ ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts✱ ❉♦♠✐♥✐❦ ❛♥❞
✶✵✶
❉❡❝✐♥ ✭✈♦✐r ✷✵✵✸✱ ♣❛rt✐❡ ✷✳✸✮✮✳ ❈❡tt❡ ♠ét❤♦❞❡ r❡✈✐❡♥t ❞♦♥❝ à s✉♣♣♦s❡r q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s
❝♦❧❧✐s✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡ ❧❡✉rs ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts s❡ r❡tr♦✉✈❡ ❞❛♥s ❧❛
q✉❛♥t✐té ❞❡ ♣♦✉ss✐èr❡ ✜♥❛❧❡✳ ❖r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s rés✐❞✉s ❞❡s ♣r❡♠✐èr❡s
❝♦❧❧✐s✐♦♥s ♣❡✉t ❞✐✛ér❡r ❞❡ ❝❡❧❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts ❀ s❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡
❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ♥é❝❡ss✐t❡r❛✐t ✉♥❡ ❛♥❛❧②s❡ ♥✉♠ér✐q✉❡ ♥❡tt❡♠❡♥t ♣❧✉s ♣♦✉ssé❡✳
▲❡s rés✉❧t❛ts ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ s♦♥t ❞♦♥♥és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✻✳✶ ❀ ✐❧s ♠♦♥tr❡♥t q✉❡ ❧❛ ♣r✐s❡ ❡♥
❝♦♠♣t❡✱ ♠ê♠❡ ✐♠♣❛r❢❛✐t❡✱ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡s
❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛❜♦✉t✐t à ❞❡s ❡st✐♠❛t✐♦♥s ❞❡ ❧❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ❞❡ ❝❡s ❞✐sq✉❡s ❧é❣èr❡✲
♠❡♥t s✉♣ér✐❡✉r❡ à ❝❡ q✉❡ ❧✬♦♥ tr♦✉✈❡ ❡♥ ♣❛rt❛♥t ❞✬✉♥❡ ♠♦②❡♥♥❡ ❣❧♦❜❛❧❡ ❞❡s ❝❡s é❧é♠❡♥ts ♦r✲
❜✐t❛✉①✳ ◆é❛♥♠♦✐♥s✱ ❧✬é❝❛rt ❡♥tr❡ ❧❡s rés✉❧t❛ts ❞❡ ❝❡s ❞❡✉① ❝❛❧❝✉❧s ❡st ♣❡✉ s✐❣♥✐✜❝❛t✐❢✱ ❛tt❡✐❣♥❛♥t
r❛r❡♠❡♥t ✉♥ ❢❛❝t❡✉r ❞❡✉①✳ ▲❡s ♠♦❞è❧❡s ❞❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ✉t✐❧✐s❛♥t ✉♥❡ ♠♦②❡♥♥❡ ❣❧♦❜❛❧❡ ❞❡s
é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❛♥s ❧❡s ❞✐sq✉❡s s❡♠❜❧❡♥t ❞♦♥❝ ❡♥tr❛î♥❡r ✉♥❡ ❧é❣èr❡ s♦✉s✲❡st✐♠❛t✐♦♥ ❞❡ ❧❡✉r
❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡✱ ♠❛✐s ❝❡tt❡ s♦✉s✲❡st✐♠❛t✐♦♥ ♥♦✉s s❡♠❜❧❡ ♥é❣❧✐❣❡❛❜❧❡✳ ◆♦✉s ♥❡ t✐❡♥❞r♦♥s
❞♦♥❝ ♣❛s ❝♦♠♣t❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞❛♥s ❧❛
s✉✐t❡ ❞❡ ❝❡ ❝❤❛♣✐tr❡✳
❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮ ❡t ▲ö❤♥❡ ❡t ❛❧✳ ✭✷✵✵✽✮ ✉t✐❧✐s❡♥t ✉♥❡ s❡✉❧❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡ ❧✬❡①❝❡♥✲
tr✐❝✐té ❞❛♥s ❧❡✉rs ♠♦❞è❧❡s✱ ♠❛✐s ❧❡✉rs rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❝❤❛♥❣❡r ❧❛ ✈❛❧❡✉r ❞❡ ❧✬❡①❝❡♥tr✐❝✐té
♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♥❡ ❢❛✐t ♣❛s ✈❛r✐❡r ❧❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡
❞❡ ♣❧✉s ❞✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✳ ■❧ s❡♠❜❧❡ ❞♦♥❝ q✉❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡
❞❡ ❞é❜r✐s✱ s✐ ❡❧❧❡ ❡st ❡ss❡♥t✐❡❧❧❡ ♣♦✉r ❢❛✐r❡ ❞é♠❛rr❡r ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ✭❛✜♥ q✉❡ ❧❡s ✈✐t❡ss❡s
r❡❧❛t✐✈❡s ❞❡s ♣❧❛♥étés✐♠❛✉① s♦✐❡♥t s✉✣s❛♠♠❡♥t ✐♠♣♦rt❛♥t❡s ♣♦✉r q✉❡ ❧❡s ❝♦❧❧✐s✐♦♥s s♦✐❡♥t ❞❡s✲
tr✉❝tr✐❝❡s✮✱ ♥✬❡st ♣❛s ✉♥ ♣❛r❛♠ètr❡ ♠❛❥❡✉r ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳
✻✳✷ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s
▲❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s♦♥t ❧❡ ♣❧✉s s♦✉✈❡♥t ❞ét❡❝tés à ♣❛rt✐r ❞❡ ❧❡✉r é♠✐ss✐♦♥ t❤❡r♠✐q✉❡✱
❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ♦✉ ❧❡ s✉❜♠✐❧❧✐♠étr✐q✉❡✳ ◆♦✉s ♣r♦♣♦s♦♥s ✐❝✐ ✉♥❡ ét✉❞❡ st❛t✐st✐q✉❡ ❞❡s ❞✐sq✉❡s
r❡❧❡✈és ♣❛r ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮ ❡t ♣❛r ❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮ ❛✜♥ ❞✬❡♥ ❞ét❡r♠✐♥❡r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s
♣❤②s✐q✉❡s✳
✻✳✷✳✶ Pr♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t ❞✉ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮
s✉r ❧❡s ❞♦♥♥é❡s ❞❡ ❙♣✐t③❡r
❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♥♦✉s ✉t✐❧✐s♦♥s ❧❡ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞é✈❡❧♦♣♣é ♣❛r
❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✱ ❞é❝r✐t ❝✐✲❞❡ss✉s✱ ♣♦✉r s❛ s✐♠♣❧✐❝✐té ❡t s❛ ♣ré❝✐s✐♦♥✳ ❈❡❧❛ r❡✈✐❡♥t à s✉♣♣♦s❡r
q✉❡ ❧❛ ♣♦✉ss✐èr❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♦❜s❡r✈és ❡st ✐ss✉❡ ❞❡s ❝♦❧❧✐s✐♦♥s ❛✉ s❡✐♥ ❞✬✉♥❡ ❝❡✐♥t✉r❡ ❞❡
♣❧❛♥étés✐♠❛✉①✱ ❧❡sq✉❡❧❧❡s ❣é♥èr❡♥t ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✳ ❈❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s♦♥t s✉✣✲
s❛♠♠❡♥t ❞❡♥s❡s ♣♦✉r q✉❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡ s♦✐t ❞♦♠✐♥é❡ ♣❛r ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡
❣r❛✐♥s ♣❧✉tôt q✉❡ ♣❛r ❧✬❡✛❡t P♦②♥t✐♥❣✲❘♦❜❡rts♦♥✳ ▲❡s éq✉❛t✐♦♥s ✉t✐❧✐sé❡s s♦♥t ❧✬éq✉❛t✐♦♥ ✻✳✽ ❡t
❧❡s éq✉❛t✐♦♥s ✻✳✶✶ à ✻✳✶✾✳
Q∗D✱ ❧❡ s❡✉✐❧ ❞✬é♥❡r❣✐❡ s♣é❝✐✜q✉❡ ✐♥❝✐❞❡♥t❡ ♥é❝❡ss❛✐r❡ ♣♦✉r ❞étr✉✐r❡ ❧❡s ♣❧❛♥étés✐♠❛✉① ❧♦rs
❞❡ ❧❛ ❝♦❧❧✐s✐♦♥✱ ❞é♣❡♥❞ ❞✉ ♣❧✉s ❣r❛♥❞ ❞❡s ♣❧❛♥étés✐♠❛✉① ✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❝♦❧❧✐s✐♦♥ ❀ ✐❧ ♣❡✉t
✶✵✷
êtr❡ ♠♦❞é❧✐sé ❛✐♥s✐ ✭❇❡♥③ ❛♥❞ ❆s♣❤❛✉❣✱ ✶✾✾✾✮ ✿
Q∗D = Q0
(
dc
2
)a
+Bρ
(
dc
2
)b
✭✻✳✷✶✮
❉✬❛♣rès ❇❡♥③ ❛♥❞ ❆s♣❤❛✉❣ ✭✶✾✾✾✮✱ ♣♦✉r ❞✉ ❜❛s❛❧t❡ ♦✉ ❞❡ ❧❛ ❣❧❛❝❡✱ ❡t ❞❡s ✈✐t❡ss❡s ❞❡ ❝♦❧❧✐s✐♦♥
❛❧❧❛♥t ❞❡ ✵✱✺ à ✺ ❦♠✳s−1✱ ❧❛ ✈❛❧❡✉r ❞❡ Q0 ♣❡✉t ❛❧❧❡r ❞❡ ✶✻✵✵ à ✾✵✵✵ ❏✳❦❣−1✱ B ❞❡ 0,3 × 105 à
2,1× 105 ❏✳♠−3✳❦❣−2✱ a ≈ ✲✵✱✹ ❡t b ≈ ✶✱✷✳ ◆♦✉s ❢❛✐s♦♥s ✐❝✐ ❧✬❤②♣♦t❤ès❡ q✉❡ Q∗D ❡st ✐♥❞é♣❡♥❞❛♥t
❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ❞✐sq✉❡✳
▲❛ ❢♦r♠✉❧❡ ✻✳✶✼ ♣❡✉t êtr❡ ❛♠é❧✐♦ré❡ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬❡①t❡♥s✐♦♥ s♣❛t✐❛❧❡ ❞✉ ❞✐sq✉❡✳
❆✈❡❝ γ = −7/2✱ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ ❝✉♠✉❧é❡ ❞❡ t♦✉s ❧❡s ♣❧❛♥étés✐♠❛✉① ❡t ❣r❛✐♥s ❞✉ ❞✐sq✉❡ ❞❡
❞é❜r✐s à ❧✬â❣❡ t ❞❡ ❧✬ét♦✐❧❡ s✬é❝r✐t ✿
A(t) =
3Mtot(t)
2ρ
√
dbldc
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◆♦✉s ❝♦♥s✐❞ér♦♥s q✉❡ ❧❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ❧❡ ❞✐sq✉❡ s♦♥t ré♣❛rt✐s r❛❞✐❛❧❡♠❡♥t s✉✐✈❛♥t
✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ Σprα✱ ❡♥tr❡ ✉♥ r❛②♦♥ ✐♥t❡r♥❡ rin = r − dr/2 ❡t ✉♥ r❛②♦♥ ❡①t❡r♥❡ rout =
r + dr/2✳ ▲❡ t❡r♠❡ Σprα r❡♣rés❡♥t❡ ❧❛ s❡❝t✐♦♥ ❡✣❝❛❝❡ é♠✐ttr✐❝❡ t♦t❛❧❡ ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡
♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡ ❞✉ ❞✐sq✉❡✳ ❊♥ ❢❛✐s❛♥t ❧✬❤②♣♦t❤ès❡ q✉❡ ❝❡s ❣r❛✐♥s ❛❜s♦r❜❡♥t ❧❛ ❧✉♠✐èr❡
st❡❧❧❛✐r❡ ❛✈❡❝ ✉♥❡ ❡✣❝❛❝✐té ❞❡ ✶✵✵ ✪ ✭Qabs = ✶✮✱ ❧❡✉r é♠✐ss✐♦♥ t♦t❛❧❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à
A(t) =
∫ rout
rin
2πrdrΣpr
α✳ ▲❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ♣❡✉t ❞ès ❧♦rs s✬é❝r✐r❡ ✿
fd(t) =
Ldust
L∗
=
∫ rout
rin
2πrdrΣpr
α
4πr2
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❝❡ q✉✐ ❞♦♥♥❡✱ s✐ α 6= −2 ❡t α 6= 0 ✿
fd(t) =
A(t)
2π
α+ 2
α
rαout − rαin
rα+2out − rα+2in
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❉❛♥s ♥♦tr❡ ♠♦❞è❧❡✱ ♥♦✉s ❛✈♦♥s s②♥t❤ét✐sé ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ ❡♥ ❝❤♦✐✲
s✐ss❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ♣♦✉r ❧❡s ♠❛ss❡s ✐♥✐t✐❛❧❡s ❞❡s ❞✐sq✉❡s Mtot(0) ❡t ✉♥❡ ❧♦✐ ❞❡
♣✉✐ss❛♥❝❡ ♣♦✉r ❧❡ r❛②♦♥ ♠♦②❡♥ r ❞❡s ❞✐sq✉❡s✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡s ♠❛ss❡s ✐♥✐t✐❛❧❡s ❡st
❥✉st✐✜é❡ ♣❛r ❧✬ét✉❞❡ ❞❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ s✉❜♠✐❧✐♠étr✐q✉❡ ❞❡ ❆♥❞r❡✇s
❛♥❞ ❲✐❧❧✐❛♠s ✭✷✵✵✺✮✱ q✉✐ tr♦✉✈❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♠❛ss❡ ❝❡♥tré❡ s✉r Mmid = ✶✺ ▼⊕ ❡t ✉♥❡
❧❛r❣❡✉r à 1σ ❞❡ σMtot ✵✱✼✶ ❞❡①✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s r❛②♦♥s ♠♦②❡♥s ❞❡s ❞✐sq✉❡s ❡st ✉♥❡ ❧♦✐ ❞❡
♣✉✐ss❛♥❝❡ n(r) ∝ rγ ♦ù r ❡st ❝♦♠♣r✐s ❡♥tr❡ r1 ❡t r2 ✭❛✈❡❝ r2 > r1✮✳
▲❡s ✈❛❧❡✉rs ❞❡s ♠❛ss❡s ✐♥✐t✐❛❧❡s ❡t ❞❡s r❛②♦♥s ♠♦②❡♥s ❞❡s ❞✐sq✉❡s s♦♥t ❣é♥éré❡s ❡♥ ✉t✐❧✐s❛♥t
❧❛ ♠ét❤♦❞❡ ❞❡ ❧❛ tr❛♥s❢♦r♠é❡ ✐♥✈❡rs❡ ✭✈♦✐r ❧❡ rés✉❧t❛t s✉r ❧❛ ✜❣✉r❡ ✻✳✶✮ ✿ s✐ y ❡st ✉♥❡ ✈❛r✐❛❜❧❡
❛❧é❛t♦✐r❡ ❞♦♥t ❧❛ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❡st f ✱ ♦♥ ♣❡✉t ❧✬♦❜t❡♥✐r ❡♥ ✐♥✈❡rs❛♥t✱ ❛♥❛❧②t✐q✉❡♠❡♥t
♦✉ ♥✉♠ér✐q✉❡♠❡♥t✱ ❧✬❡①♣r❡ss✐♦♥ ✿
x =
∫ y
0
f(t)dt ✭✻✳✷✺✮
♦ù x ❡st ✉♥❡ ✈❛r✐❛❜❧❡ ❛❧é❛t♦✐r❡ ❞✐str✐❜✉é❡ ✉♥✐❢♦r♠é♠❡♥t ❡♥tr❡ ✵ ❡t ✶ ✭❉❡✈r♦②❡✱ ✶✾✽✻✮✳ P❛r ❡①❡♠✲
♣❧❡✱ ♣♦✉r ❧❡s r❛②♦♥s ♠♦②❡♥s ❞❡s ❞✐sq✉❡s✱ ❛✈❡❝ ✉♥❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té rγ ✱ ❧❛ ✈❛r✐❛❜❧❡ y s✬é❝r✐t
❡①♣❧✐❝✐t❡♠❡♥t ✿ y =
[(
rγ+12 − rγ+11
)
x+ rγ+11
] 1
γ+1 ✳
✶✵✸
✭❛✮ ❘é♣❛rt✐t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡s Mtot(0)
✭❜✮ ❘é♣❛rt✐t✐♦♥ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❞❡s r
❋✐❣✉r❡ ✻✳✶ ✕ ❊①❡♠♣❧❡s ❞✬❤✐st♦❣r❛♠♠❡s ❞❡ ♠❛ss❡s ✐♥✐t✐❛❧❡s Mtot(0) ❡t ❞❡ r❛②♦♥s ♠♦②❡♥s r ❞✬✉♥❡
♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s s✐♠✉❧é❡ ♥✉♠ér✐q✉❡♠❡♥t✳ Mtot(0) s✉✐t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ✭✐❝✐
❛✈❡❝ Mmid = ✶✵ ▼⊕ ❡t σMtot = ✵✱✼✶ ❞❡①✮ ❡t r ✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✭✐❝✐ ❛✈❡❝ r1 = ✹ ❯❆✱ r2 = ✽✵ ❯❆ ❡t
γ = ✲✵✱✺✮✳ ▲❛ ❧♦✐ ❞❡ ré♣❛rt✐t✐♦♥ t❤é♦r✐q✉❡ ❡st tr❛❝é❡ ❡♥ r♦✉❣❡✳
▲❡ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s q✉❡ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❝♦♥t✐❡♥t ❞❡ ♥♦♠❜r❡✉s❡s ✈❛r✐❛✲
❜❧❡s ❡t ♦✉✈r❡ ❛✐♥s✐ ✉♥ ❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s ❡①trê♠❡♠❡♥t ✈❛st❡✳ ▲❡s ✈❛r✐❛❜❧❡s ❧✐é❡s à ❧✬ét♦✐❧❡
✭♠❛ss❡ M∗✱ ❧✉♠✐♥♦s✐té L∗✱ â❣❡ t✮ s♦♥t ✐ss✉❡s ❞❡s r❡❧❡✈és ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮
❡t ❞❡ ❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮✳ ▲❛ ❧❛r❣❡✉r à 1σ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡s ♠❛ss❡s ✐♥✐t✐❛❧❡s ❞❡s
❞✐sq✉❡s σMtot ❡st ✜①é❡ à ✵✱✼✶ ❞❡① ✭❆♥❞r❡✇s ❛♥❞ ❲✐❧❧✐❛♠s✱ ✷✵✵✺✮✱ ❡t ❧❡ γ ❞❡ ❧❛ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡
❞❡s r❛②♦♥s ♠♦②❡♥s r ❡st ✜①é à ✲✵✱✺✱ ♥♦♠❜r❡ ❞é❞✉✐t ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s r❛②♦♥s ❞❡ ♦♥③❡ ❞✐s✲
q✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s ♠❡s✉rés ♣❛r ❧❡ ❙▼❆ ✭❆♥❞r❡✇s ❡t ❛❧✳✱ ✷✵✶✶✮ ❡t ❞❡ ♥❡✉❢s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
♦❜s❡r✈és ❛✉t♦✉r ❞✬ét♦✐❧❡s ❆ ❣râ❝❡ ❛✉① ❞♦♥♥é❡s ❍❡rs❝❤❡❧ ❞✉ ♣r♦❣r❛♠♠❡ ❉❊❇❘■❙ ✭❇♦♦t❤ ❡t ❛❧✳✱
✷✵✶✸✮✳ ▲❛ ♠❛ss❡ ♠é❞✐❛♥❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡s ♠❛ss❡s ✐♥✐t✐❛❧❡s ❞❡ ❞✐sq✉❡s Mmid
❡t ❧❡s ❜♦r♥❡s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s r❛②♦♥s ♠♦②❡♥s ❞❡s ❞✐sq✉❡s r1 ❡t r2 s♦♥t ❞❡s ♣❛r❛♠ètr❡s
✐♥❞é♣❡♥❞❛♥ts ♣♦✉r ♥♦tr❡ ❛❥✉st❡♠❡♥t✳
◆♦✉s ❛✈♦♥s ✜①é e = i = ✵✱✵✺ ❛✐♥s✐ q✉❡ dr = r/2✱ à ❧✬✐♥st❛r ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❜✮ ❡t
❞❡ ❑❛✐♥s ❡t ❛❧✳ ✭✷✵✶✶✮ ❀ ρ = ✶✵✵✵ ❦❣✳♠−3 ♣♦✉r ❧❛ ❣❧❛❝❡ ❡t ρ = ✷✼✵✵ ❦❣✳♠−3 ♣♦✉r ❧❡ ❜❛s❛❧t❡ ❀
α = −✶✱✺✱ s❡❧♦♥ ❧❡ ♠♦❞è❧❡ ❞❡ ❧❛ ▼✐♥✐♠✉♠ ▼❛ss ❙♦❧❛r ◆❡❜✉❧❛✳ ▲❡ ❞✐❛♠ètr❡ ❞❡s ♣❧❛♥étés✐♠❛✉①
❧❡s ♣❧✉s ❣r❛♥❞s dc ❡st ❧❡ q✉❛tr✐è♠❡ ♣❛r❛♠ètr❡ ✐♥❞é♣❡♥❞❛♥t ❞❡ ♥♦tr❡ ét✉❞❡✳
▲❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✉t✐❧✐sés ❞❛♥s ❝❡tt❡ ét✉❞❡✱ ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❆ ✭❙✉
❡t ❛❧✳✱ ✷✵✵✻✮ ❡t ❞❡s ét♦✐❧❡s ❋●❑ ✭❚r✐❧❧✐♥❣ ❡t ❛❧✳✱ ✷✵✵✽✮✱ ❜❛sés s✉r ❞❡s ❞♦♥♥é❡s ❙♣✐t③❡r à ✷✹ µ♠ ❡t
à ✼✵ µ♠✱ ♥❡ s♦♥t ♣❛s st❛t✐st✐q✉❡♠❡♥t r❡♣rés❡♥t❛t✐❢s ❞❡s ét♦✐❧❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t s♦❧❛✐r❡✳ ❈❡s
é❝❤❛♥t✐❧❧♦♥s ♦♥t été ❝♦♥ç✉s à ♣❛rt✐r ❞❡ ♣❧✉s✐❡✉rs ♣r♦❣r❛♠♠❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❞♦♥t ❧❡s ❝r✐tèr❡s ❞❡
sé❧❡❝t✐♦♥ ❡t ❧❡s t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ ♥✬ét❛✐❡♥t ♣❛s ❧❡s ♠ê♠❡s✳ P❛r ❡①❡♠♣❧❡✱ ♦♥ ❝♦♥st❛t❡ ❞❛♥s ❝❡s
❞❡✉① é❝❤❛♥t✐❧❧♦♥s ❞✬ét♦✐❧❡s q✉❡ ❧❡s t②♣❡s s♣❡❝tr❛✉① ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ét♦✐❧❡s ❧❡s ♣❧✉s ❜r✐❧❧❛♥t❡s
❞❡ ❧❛ séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡ s♦♥t s✉rr❡♣rés❡♥tés ♣❛r r❛♣♣♦rt à ❧❡✉r ♣♦✐❞s r❡❧❛t✐❢ ❞❛♥s ❧✬❡♥✈✐r♦♥✲
♥❡♠❡♥t st❡❧❧❛✐r❡✳
❆✉ss✐✱ ♣❧✉tôt q✉❡ ❞❡ ♠♦❞é❧✐s❡r t♦✉t❡ ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞✬ét♦✐❧❡s ❞✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡ ❡t ❞❡
❧❛ ❝♦♠♣❛r❡r ❛✈❡❝ ❝❡❧❧❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s ♣♦✉r ✉t✐❧✐s❡r ❧❡ t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ✭♥♦♠❜r❡ ❞❡ ❞✐sq✉❡s
❞ét❡❝tés / ♥♦♠❜r❡ ❞✬ét♦✐❧❡s ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✮ ❝♦♠♠❡ ♦❜s❡r✈❛❜❧❡ ❛✐♥s✐ q✉❡ ❧✬♦♥t ❢❛✐t ❲②❛tt ❡t ❛❧✳
✭✷✵✵✼❜✮ ❡t ❑❛✐♥s ❡t ❛❧✳ ✭✷✵✶✶✮✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s ét♦✐❧❡s ❛✉t♦✉r ❞❡sq✉❡❧❧❡s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s
✶✵✹
❛✈❛✐t été ❞ét❡❝té ❡t ✉t✐❧✐sé ❧❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡ ❞❡s ❞✐sq✉❡s ✭Ldust/L∗✮
❝♦♠♠❡ ♦❜s❡r✈❛❜❧❡✳ ❉❛♥s ❧❡ s♦✉s✲é❝❤❛♥t✐❧❧♦♥ ❛✐♥s✐ ♦❜t❡♥✉✱ ❧❡s ❞✐st❛♥❝❡s✱ â❣❡s ❡t t②♣❡s s♣❡❝tr❛✉①
❞❡s ét♦✐❧❡s s♦♥t ❝♦♥♥✉s✱ ❡t ♥♦✉s ♣♦✉✈♦♥s ❞é❞✉✐r❡ ❞✉ t②♣❡ s♣❡❝tr❛❧ ❧❛ ♠❛ss❡ ❡t ❧❛ ❧✉♠✐♥♦s✐té
❞❡ ❝❡s ét♦✐❧❡s✳ ❯♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❡st s②♥t❤ét✐sé❡ ❛✉t♦✉r ❞❡ ❝❡s ét♦✐❧❡s✱ ❛✈❡❝
❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♠❛ss❡s ✐♥✐t✐❛❧❡s ❡t ❞❡ r❛②♦♥s ♠♦②❡♥s ❞é❝r✐t❡s ❝✐✲❞❡ss✉s✳ ▲✬é✈♦❧✉t✐♦♥ ❞❡ ❝❡s
❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡st ❝❛❧❝✉❧é❡ ❡♥ ♣r❡♥❛♥t ❧❡s â❣❡s ❞❡s ét♦✐❧❡s ❡t ❞♦♥♥❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ s✐♠✉❧é❡
❞❡ ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s✱ q✉✐ ❛ ❡♥s✉✐t❡ été ❝♦♠♣❛ré❡ à ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❧✉♠✐♥♦s✐tés ❢r❛❝✲
t✐♦♥♥❛✐r❡s ❞❡s ❞✐sq✉❡s ♦❜s❡r✈és✳ ▲✬❛✈❛♥t❛❣❡ ❞✬✉t✐❧✐s❡r ❧❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ❡st q✉✬❡❧❧❡ ♥❡
❞é♣❡♥❞ ♣❛s ❞❡ ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧✬ét♦✐❧❡✱ ❡t q✉✬❡❧❧❡ ❝♦♠❜✐♥❡ ❧❡s ✐♥❢♦r♠❛t✐♦♥s ❞❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s
à ✷✹ µ♠ ❡t à ✼✵ µ♠ ❀ ❧✬✐♥❝♦♥✈é♥✐❡♥t ❡st q✉❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❡st ♠♦✐♥❞r❡✱ t♦✉s ❧❡s ❞✐s✲
q✉❡s ❞❡ ❞é❜r✐s ♥✬❛②❛♥t ♣❛s ❞✬❡①❝ès ♣❤♦t♦♠étr✐q✉❡ ♠❡s✉ré à ❝❤❛❝✉♥❡ ❞❡s ❞❡✉① ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳
▲❛ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t q✉❡ ♥♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é❡ ❡st ❜❛sé❡ s✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬✐♥❢♦r✲
♠❛t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ❞❡s ❞✐sq✉❡s ❞❡
❧✬é❝❤❛♥t✐❧❧♦♥✳ ❈❡tt❡ ❞✐str✐❜✉t✐♦♥ ♥✬❡st ♥❛t✉r❡❧❧❡♠❡♥t ♣❛s é❝❤❛♥t✐❧❧♦♥♥é❡ ❝♦♠♣❧èt❡♠❡♥t ♣♦✉r ❧❡s
❜❛s Ldust/L∗ ❀ ❝❡❝✐ ♣r♦❞✉✐t ✉♥ ❜✐❛✐s ❞❛♥s ❧✬❛❥✉st❡♠❡♥t q✉✐ t❡♥❞ à s✉r❡st✐♠❡r ❧❛ ✈❛❧❡✉r ♠é❞✐❛♥❡
❞❡ ❝❡tt❡ ❞✐str✐❜✉t✐♦♥ ❞❡s Ldust/L∗✱ ❡t ❡♥ ❝♦♥séq✉❡♥❝❡ ❧❡s ✈❛❧❡✉rs ♠é❞✐❛♥❡s ❞❡ A(t) ❡t ❞❡Mtot(0)✳
◗✉❛tr❡ ♣❛r❛♠ètr❡s ❧✐❜r❡s s♦♥t ét✉❞✐és ❞❛♥s ♥♦tr❡ ❛❥✉st❡♠❡♥t ✿ Mmid✱ r1✱ r2 ❡t dc✳ ▲✬❡s♣❛❝❡
❞❡s ♣❛r❛♠ètr❡s ❢♦r♠é ♣❛r ❝❡s q✉❛tr❡ ✈❛r✐❛❜❧❡s ❛ été ❡①♣❧♦ré ♥✉♠ér✐q✉❡♠❡♥t ✿ ♣♦✉r ❝❤❛q✉❡
♣♦✐♥t ❞❡ ❝❡t ❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s à q✉❛tr❡ ❞✐♠❡♥s✐♦♥s✱ ❝❡♥t s✐♠✉❧❛t✐♦♥s ♦♥t été ♠❡♥é❡s✱ ♦ù
❧❡s ✈❛❧❡✉rs ❞❡ Mtot(0) ❡t ❞❡ r s♦♥t à ❝❤❛q✉❡ ❢♦✐s ❣é♥éré❡s ❛❧é❛t♦✐r❡♠❡♥t ❞❡ ♠❛♥✐èr❡ à ❝♦rr❡s✲
♣♦♥❞r❡ à ✉♥❡ ❧♦✐✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❧♦❣♥♦r♠❛❧❡ ❡t ❞❡ ♣✉✐ss❛♥❝❡✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❧✉♠✐♥♦s✐tés
❢r❛❝t✐♦♥♥❛✐r❡s ❛✐♥s✐ s✐♠✉❧é❡ ❡st ❡♥s✉✐t❡ ❝♦♠♣❛ré❡ à ❝❡❧❧❡ ✐ss✉❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s à ❧✬❛✐❞❡ ❞✬✉♥
t❡st ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙♠✐r♥♦✈ ✭✈♦✐r ✉♥❡ ✐❧❧✉str❛t✐♦♥ à ❧❛ ✜❣✉r❡ ✻✳✷✮✳ ▲❛ ♠♦②❡♥♥❡ ❞❡s ❝❡♥t t❡sts
❞❡ ❑♦❧♠♦❣♦r♦✈✲❙♠✐r♥♦✈ ❡st ❝❛❧❝✉❧é❡ ♣♦✉r ❝❤❛❝✉♥ ❞❡s ♣♦✐♥ts ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s✳
▲❡ t❡st ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙♠✐r♥♦✈ ♠❡s✉r❡ ❧❡ ♣❧✉s ❣r❛♥❞ é❝❛rt ∆ ❡♥tr❡ ❧❡s ❞❡✉① é❝❤❛♥t✐❧❧♦♥s ❞❡
❞♦♥♥é❡s ❝♦♥s✐❞éré❡s ♣✉✐s ❡st✐♠❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ tr♦✉✈❡r ✉♥ ∆ ❛✉ss✐ ❣r❛♥❞ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❡s
❞❡✉① é❝❤❛♥t✐❧❧♦♥s s❡r❛✐❡♥t ✐ss✉s ❞❡ ❧❛ ♠ê♠❡ ❧♦✐ ❞❡ ré♣❛rt✐t✐♦♥✳ ❯♥❡ ❢❛✐❜❧❡ ♣r♦❜❛❜✐❧✐té ✐♥❞✐q✉❡
q✉❡ ❧❡s ❞❡✉① é❝❤❛♥t✐❧❧♦♥s ♥❡ s♦♥t ♣❛s ✐ss✉s ❞❡ ❧❛ ♠ê♠❡ ❧♦✐ ❞❡ ré♣❛rt✐t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ ❞❛♥s
♥♦tr❡ ❝❛s q✉❡ ❧❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s (Mmid, r1, r2, dc) ♥❡ ♣❡✉✈❡♥t ❣é♥ér❡r ✉♥❡ ❞✐str✐❜✉t✐♦♥
❞❡ ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s s❡♠❜❧❛❜❧❡ à ❝❡❧❧❡ ♦❜s❡r✈é❡✳ ◆♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s ❛❧❣♦r✐t❤♠❡s ❞❡
Pr❡ss ❡t ❛❧✳ ✭✶✾✾✷✮✱ q✉✐ s♦♥t ✜❛❜❧❡s ♣♦✉r ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞❡ ♣❧✉s ❞❡ ✷✵ ♣♦✐♥ts✳
◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ t❡sté ❧❛ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t ✉t✐❧✐sé❡✱ ❡♥ ❧✬❛♣♣❧✐q✉❛♥t à ✉♥❡ sér✐❡ ❞❡ ❧✉✲
♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ❞❡ ❞✐sq✉❡s s✐♠✉❧é❡s à ♣❛rt✐r ❞❡ ✈❛❧❡✉rs ❝♦♥♥✉❡s ❞❡s q✉❛tr❡s ♣❛r❛♠ètr❡s
❧✐❜r❡s✳ ❈❡s ❞♦♥♥é❡s s✐♠✉❧é❡s ♦♥t été ❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞✉ ♠♦❞è❧❡ ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮ ré✲
s✉♠é ❝✐✲❞❡ss✉s✱ ❝♦♠♣❧été ❞❡ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ Q∗D ❡t dc ✭éq✉❛t✐♦♥ ✻✳✷✶✮ ❡t ❞❡ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡
❞❡ ❧❛ ❧❛r❣❡✉r ❞✉ ❞✐sq✉❡ ✭éq✉❛t✐♦♥ ✻✳✷✹✮✳ ❯♥ ❜r✉✐t ✉♥✐❢♦r♠❡ ❛❧é❛t♦✐r❡♠❡♥t ❣é♥éré ❞❡ ±✷✵ ✪ ❛
été ❛❥♦✉té à ❝❡s ❞♦♥♥é❡s✳ ▲❛ ♣r❡♠✐èr❡ sér✐❡ ❞❡ ❞♦♥♥é❡s s✐♠✉❧é❡s ❛ été ❝❛❧❝✉❧é❡ ❛✈❡❝ ❧❡s ✈❛❧❡✉rs
❛ ♣r✐♦r✐ Mmid = ✹ ▼⊕✱ dc = ✶✵ ❦♠✱ r1 = ✻✱✺ ❯❆ ❡t r2 = ✸✺ ❯❆ ❀ ❧❛ s❡❝♦♥❞❡ sér✐❡ ✉t✐❧✐s❡
Mmid = ✹✵ ▼⊕✱ dc = ✸✺✵ ❦♠ ❡t ❧❡s ♠ê♠❡s ✈❛❧❡✉rs ❞❡ r1 ❡t r2✳ ▲❡s â❣❡s✱ ♠❛ss❡s ❡t ❧✉♠✐♥♦s✐tés
st❡❧❧❛✐r❡s s♦♥t ❝❡✉① ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮✳ ▲❡s ❛✉tr❡s ♣❛r❛♠ètr❡s s♦♥t ✜①és à
γ = ✲✵✱✺✱ σMtot = ✵✱✼✶ ❞❡①✱ e = i = ✵✱✵✺ ✭❡♥ r❛❞✐❛♥s ♣♦✉r i✮✱ dr = r/2✱ α = ✲✶✱✺ ❡t ❧❡ ♠❛tér✐❛✉
❞❡s ♣❧❛♥étés✐♠❛✉① ❡st ❧❛ ❣❧❛❝❡ ❞✬❡❛✉✳
▲❡s rés✉❧t❛ts ❞✉ t❡st ♣♦✉r ❧❡s ❞❡✉① sér✐❡s ❞❡ ❞♦♥♥é❡s s✐♠✉❧é❡s s♦♥t ♠♦♥trés ❞❛♥s ❧❛ ✜❣✉r❡
✻✳✸✳ ▲❡s ③♦♥❡s ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s ♦ù ❧❡ t❡st ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙♠✐r♥♦✈ ✭❑✲❙✮ ❞♦♥♥❡ ✉♥❡
✶✵✺
❋✐❣✉r❡ ✻✳✷ ✕ ❉✐str✐❜✉t✐♦♥s ❝✉♠✉❧é❡s ❞❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❀ ❧❛ ❧✐❣♥❡ ❜❧❡✉❡
❝♦rr❡s♣♦♥❞ ❛✉① ♦❜s❡r✈❛t✐♦♥s ❞✉ r❡❧❡✈é ❞✬ét♦✐❧❡s ❆ ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮ ❀ ❧❡s ❧✐❣♥❡s r♦✉❣❡s ❝♦rr❡s♣♦♥❞❡♥t à
❤✉✐t s✐♠✉❧❛t✐♦♥s ✐♥❞é♣❡♥❞❛♥t❡s ❝❛❧❝✉❧é❡s ❛✈❡❝ ❧❡s ♠ê♠❡s ♣❛r❛♠ètr❡s (Mmid, r1, r2, dc) ♠❛✐s ❞❡s ✈❛❧❡✉rs
❛❧é❛t♦✐r❡s ❞✐✛ér❡♥t❡s ♣♦✉r ❧❡s ♠❛ss❡s ❡t r❛②♦♥s ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s✳ ❙❡✉❧s ❧❡s rés✉❧t❛ts ❞❡
❤✉✐t s✐♠✉❧❛t✐♦♥s s♦♥t ♠♦♥trés ✐❝✐✱ ♠❛✐s ❝❡♥t s✐♠✉❧❛t✐♦♥s ♦♥t été ❡♥ ❢❛✐t ❝❛❧❝✉❧é❡s à ❝❤❛q✉❡ ♣♦✐♥t ❞❡
❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s (Mmid, r1, r2, dc)✳ ▲❡ t❡st ❞❡ ❑♦❧♠♦❣♦r♦✈✲❙♠✐r♥♦✈ ❡st ✉t✐❧✐sé ♣♦✉r é✈❛❧✉❡r s✐ ❧❡s
❞✐str✐❜✉t✐♦♥s ♦❜s❡r✈é❡ ❡t s✐♠✉❧é❡s ♣❡✉✈❡♥t êtr❡ ✐ss✉❡s ❞❡ ❧❛ ♠ê♠❡ ❞✐str✐❜✉t✐♦♥ ♣❛r❡♥t❡ ❀ ❞❛♥s ❝❡ ❝❛s✱ ❡♥
❢❛✐s❛♥t ❧❛ ♠♦②❡♥♥❡ ❞❡ ❝❡♥t s✐♠✉❧❛t✐♦♥s✱ ❧❡ rés✉❧t❛t ❞✉ t❡st ❡st ❞❡ ✼✺ ✪ ❞❡ ♣r♦❜❛❜✐❧✐té q✉❡ ❝❡ s♦✐t ❧❡ ❝❛s✳
♣r♦❜❛❜✐❧✐té s✉♣ér✐❡✉r❡ à ✾✵ ✪ s♦♥t ❣r❛♥❞❡s✱ ♠❛✐s ❡❧❧❡s ❝♦♥t✐❡♥♥❡♥t ❜✐❡♥ ❧❡s ✈❛❧❡✉rs ❛ ♣r✐♦r✐
❝❤♦✐s✐❡s ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s ❞♦♥♥é❡s s✐♠✉❧é❡s✱ ❡t ❝❡s ③♦♥❡s ♥❡ s❡ r❡❝♦✉✈r❡♥t ♣❛s ✿ ❝❡ t❡st ♠♦♥tr❡
q✉❡ ❧❡s ❞❡✉① s♦❧✉t✐♦♥s ♣❡✉✈❡♥t êtr❡ ❞✐st✐♥❣✉é❡s ♣❛r ❝❡tt❡ ♠ét❤♦❞❡✳ ▲❡s rés✉❧t❛ts s♦♥t ❞✬❛✉t❛♥t
♣❧✉s ❝♦♥❝❧✉❛♥ts q✉❡ ❧❡s ♣✐❝s ❞❡ ♣r♦❜❛❜✐❧✐té ❑✲❙ ✭❧❡ ❥❡✉ ❞❡ ♣❛r❛♠ètr❡s ♣♦✉r ❧❡q✉❡❧ ❧❡ rés✉❧t❛t ❞✉
t❡st ❑✲❙ ❡st ♠❛①✐♠❛❧✮ s♦♥t très ♣r♦❝❤❡s ❞❡s ✈❛❧❡✉rs à ♣r✐♦r✐ ❞❡s ♣❛r❛♠ètr❡s Mmid ❡t dc✳ ▲❡s
❞❡✉① ♣♦♣✉❧❛t✐♦♥s ❞❡ ❞✐sq✉❡s ✐❝✐ s✐♠✉❧é❡s ♣❡✉✈❡♥t ❞♦♥❝ ❝❧❛✐r❡♠❡♥t êtr❡ ❞✐st✐♥❣✉é❡s✳
✻✳✷✳✷ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① ét♦✐❧❡s ❆
◆♦✉s ❛✈♦♥s ❛♣♣❧✐q✉é ❧❛ ♣r♦❝é❞✉r❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❛✉① ét♦✐❧❡s ❞✉ r❡❧❡✈é ❙♣✐t③❡r ❞❡ ❙✉ ❡t ❛❧✳
✭✷✵✵✻✮✳ ▲✬✐♥tr✉♠❡♥t ▼■P❙ ❞❡ ❙♣✐t③❡r ❛ ♠❡s✉ré ❧❛ ♣❤♦t♦♠étr✐❡ à ✷✹ ❡t ✼✵ µ♠ ❞❡ ✶✻✵ ét♦✐❧❡s
❞❡ t②♣❡ ❆✱ â❣é❡s ❞❡ ✺ à ✽✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❡t s✐t✉é❡s à ❞❡s ❞✐st❛♥❝❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ✷✱✻ ❡t
✸✽✹ ♣❛rs❡❝s✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❞✬ét♦✐❧❡s ❡st ✐ss✉ ❞❡ ❞✐✛ér❡♥ts ♣r♦❣r❛♠♠❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❡t ♥✬❡st ♣❛s
st❛t✐st✐q✉❡♠❡♥t ❜✐❡♥ ❞é✜♥✐✳ ❉❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♦♥t été ❞ét❡❝tés ❛✉t♦✉r ❞✬❡♥✈✐r♦♥ ✉♥ t✐❡rs ❞❡
❝❡s ét♦✐❧❡s✳ ◆♦✉s ♥✬❛✈♦♥s ❞♦♥❝ ✉t✐❧✐sé ♥♦tr❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t q✉❡ s✉r ✸✹ ét♦✐❧❡s ❞❡ ❝❡t
é❝❤❛♥t✐❧❧♦♥✱ â❣é❡s ❞❡ ♣❧✉s ❞❡ ✾ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❡t ❞♦♥t ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♦♥t été ❞ét❡❝tés
à ❧❛ ❢♦✐s à ✷✹ ❡t à ✼✵ µ♠✳ ▲❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ♦❜s❡r✈é❡s ❞❡ ❝❡s ❞✐sq✉❡s ♦♥t ❞♦♥❝ ♣✉
êtr❡ ❝❛❧❝✉❧é❡s✱ ❡t s♦♥t ❧✐sté❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✸ ✭❣r♦✉♣❡ ■✮ ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮✳ ❈❡ ❝❛❧❝✉❧ ❡st ❜❛sé
s✉r ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ é♠✐ss✐♦♥ t❤❡r♠✐q✉❡ ❞❡ ❝♦r♣s ♥♦✐r ♣♦✉r ❧❛ ♣♦✉ss✐èr❡✱ ❝❡ q✉✐ ♠è♥❡ à ✉♥❡
✶✵✻
❋✐❣✉r❡ ✻✳✸ ✕ ❚❡st ❞❡ ❧❛ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t ❛✈❡❝ ❞❡s ❞♦♥♥é❡s s✐♠✉❧é❡s✳ ❊♥ ❤❛✉t✱ ❧❡s ❞♦♥♥é❡s s♦♥t
❝❛❧❝✉❧é❡s ❛✈❡❝ Mmid = ✹ ▼⊕✱ dc = ✶✵ ❦♠✱ r1 = ✻✱✺ ❯❆ ❡t r2 = ✸✺ ❯❆ ❀ ❡♥ ❜❛s✱ ❛✈❡❝ Mmid = ✹✵ ▼⊕✱
dc = ✸✺✵ ❦♠ ❡t ❧❡s ♠ê♠❡s ✈❛❧❡✉rs ❞❡ r1 ❡t r2✳ ▲❡s rés✉❧t❛ts ❞❡ ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s
s♦♥t ♠♦♥trés s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ❞é❣r❛❞é ❡♥tr❡ ❧❛ ❝♦✉❧❡✉r ❜❧❛♥❝❤❡ q✉✐ ✐♥❞✐q✉❡ ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞✉
t❡st ❑✲❙ ❡t ❧❛ ❝♦✉❧❡✉r ♥♦✐r❡ q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ♣r♦❜❛❜✐❧✐té ❑✲❙ ❞❡ ✵ ✪✳ ❈❤❛q✉❡ r❡❝t❛♥❣❧❡ ✐♥❞✐q✉❡ ❧❡
rés✉❧t❛t ♠❛①✐♠❛❧ ❞✉ t❡st ❑✲❙ s✉r ❧❡s ✐♥t❡r✈❛❧❧❡s ♦ù ❧❡s ❞❡✉① ❛✉tr❡s ♣❛r❛♠ètr❡s ❧✐❜r❡s s♦♥t ❡①♣❧♦rés✳ ▲❡s
❝♦♥t♦✉rs ✐♥❞✐q✉❡♥t ✾✾ ✪ ✭r♦✉❣❡✮✱ ✾✵ ✪ ✭❜❧❡✉ ❢♦♥❝é✮✱ ✼✺ ✪ ✭❜❧❡✉ ❝❧❛✐r✮✱ ✺✵ ✪ ✭✈❡rt✮ ❡t ✶✵ ✪ ✭❥❛✉♥❡✮ ❞❡
❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞✉ t❡st ❑✲❙✳ ▲❡s ❝r♦✐① ❝❡r❝❧é❡s r♦✉❣❡s s✉r ❝❤❛q✉❡ ❣r❛♣❤❡ ✐♥❞✐q✉❡♥t ❧❛ ♣♦s✐t✐♦♥ ❞❡s
✈❛❧❡✉rs ❛ ♣r✐♦r✐ ❞❡ Mmid ❡t dc ✉t✐❧✐sé❡s ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s ❞❡✉① sér✐❡s ❞❡ ❞♦♥♥é❡s✳ ▲❡s ③♦♥❡s ❞❡ ♠❡✐❧❧❡✉r
❛❥✉st❡♠❡♥t✱ ❞é❧✐♠✐té❡s ♣❛r ❧❡ ❝♦♥t♦✉r ✾✵ ✪ ♥❡ s❡ r❡❝♦✉♣❡♥t ♣❛s ❞✬✉♥ ♣❧♦t à ❧✬❛✉tr❡✳
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s✉r❡st✐♠❛t✐♦♥ ❞✬❡♥✈✐r♦♥ ✽ ✪ ❞❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ❞❛♥s ❧❡ ❝❛s ❞✬ét♦✐❧❡s ❞❡ t②♣❡ ❆✱ ❝❡
q✉✐ ❡st ♥é❣❧✐❣❡❛❜❧❡ ♣♦✉r ♥♦tr❡ ét✉❞❡✳
❱✐♥❣t ✈❛❧❡✉rs ♦♥t été t❡sté❡s ♣♦✉r ❝❤❛❝✉♥ ❞❡s q✉❛tr❡ ♣❛r❛♠ètr❡s ✐♥❞é♣❡♥❞❛♥ts ❞❡ ♥♦tr❡
♠♦❞è❧❡✱ ❛❧❧❛♥t ❞❡ ✶ à ✺✵ ❯❆ ♣♦✉r r1 ❀ ❞❡ r1 ✰ ✶✵ ❯❆ à ✶✺✵ ❯❆ ♣♦✉r r2 ❀ ❞❡ ✵✱✶ à ✶✵✵ ▼⊕ ♣♦✉r
Mmid ❀ ❞❡ ✶ à ✺✵✵ ❦♠ ♣♦✉r dc✳ ▲❡s ♣❛r❛♠ètr❡s ✜①❡s s♦♥t ❧❡s ❡①❝❡♥tr✐❝✐té ❡t ✐♥❝❧✐♥❛✐s♦♥ ♠♦②❡♥♥❡s
❞❡s ♣❧❛♥étés✐♠❛✉① e = i = ✵✱✵✺ ✭❡♥ r❛❞✐❛♥s ♣♦✉r i✮ ❀ ❧❛ ❧❛r❣❡✉r ❞✉ ❞✐sq✉❡ dr = r/2 ❀ ❧✬❡①♣♦s❛♥t
❞✉ ♣r♦✜❧ r❛❞✐❛❧ ❞❡ ❞❡♥s✐té ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡ α = ✲✶✱✺ ❀ ❧❛ ❣❧❛❝❡ ❝♦♠♠❡ ♠❛tér✐❛✉
❞❡s ♣❧❛♥étés✐♠❛✉① ❀ ❧✬❡①♣♦s❛♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❞❡s r❛②♦♥s ♠♦②❡♥s ❞❡s
❞✐sq✉❡s γ = ✲✵✱✺ ❀ ❧❛ ❧❛r❣❡✉r à 1σ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡s ♠❛ss❡s ✐♥✐t✐❛❧❡s ❞❡s ❞✐sq✉❡s
σMtot = ✵✱✼✶ ❞❡①✳
▲❡s rés✉❧t❛ts ❞❡ ❧✬❡①♣❧♦r❛t✐♦♥ ♥✉♠ér✐q✉❡ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s s♦♥t ♠♦♥trés ❞❛♥s ❧❛
✜❣✉r❡ ✻✳✹✳ ❉❛♥s ❝❡s ❣r❛♣❤❡s✱ ❝❤❛q✉❡ r❡❝t❛♥❣❧❡ ✐♥❞✐q✉❡ ❧❡ rés✉❧t❛t ♠❛①✐♠❛❧ ❞✉ t❡st ❑✲❙ s✉r ❧❡s
✐♥t❡r✈❛❧❧❡s ♦ù ❧❡s ❞❡✉① ♣❛r❛♠ètr❡s ❧✐❜r❡s ♥♦♥ r❡♣rés❡♥tés s♦♥t ❡①♣❧♦rés✳ ■❧ ♥❡ s✬❛❣✐t ❞♦♥❝ ♣❛s ❞❡
♣r♦❥❡❝t✐♦♥ ✷❉ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s ✭à ✹❉✮✱ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❑✲❙ ♠❛①✐♠✉♠✳
❉❡ t❡❧❧❡s ♣r♦❥❡❝t✐♦♥s ❢♦✉r♥✐r❛✐❡♥t ❞❡s ❣r❛♣❤❡s ❞♦♥t ❧❡s ③♦♥❡s à ❢♦rt❡s ♣r♦❜❛❜✐❧✐tés ❑✲❙ s❡r❛✐❡♥t
♠♦✐♥s ✈❛st❡s✱ ❞♦♥♥❛♥t ❧❛ ❢❛✉ss❡ ✐♠♣r❡ss✐♦♥ ❞✬✉♥❡ s♦❧✉t✐♦♥ ✉♥✐q✉❡✳
▲❡s ✐♥t❡r✈❛❧❧❡s ❧❡s ♣❧✉s ♣r♦❜❛❜❧❡s ♣♦✉r ❧❡s q✉❛tr❡ ♣❛r❛♠ètr❡s ❧✐❜r❡s ♣❡✉✈❡♥t êtr❡ ❞ét❡r♠✐♥és
à ♣❛rt✐r ❞✉ ❝♦♥t♦✉r ✐♥❞✐q✉❛♥t ✉♥❡ ♣r♦❜❛❜✐❧✐té ❑✲❙ ❞❡ ✾✵ ✪ ❞❛♥s ❧❛ ✜❣✉r❡ ✻✳✹✳ ❆✐♥s✐✱ ❧✬❛❥✉st❡✲
♠❡♥t ❞♦♥♥❡ ✷ ▼⊕ ❝♦♠♠❡ ❧✐♠✐t❡ ✐♥❢ér✐❡✉r❡ ❞❡s ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ❞❡ Mmid ❀ ❧❡s ❧✐♠✐t❡s ✐♥❢ér✐❡✉r❡
❡t s✉♣ér✐❡✉r❡❡ ♣♦✉r dc s♦♥t ✷ ❦♠ ❡t ✻✵ ❦♠ ❀ ♣♦✉r r1✱ ✷ ❯❆ ❡t ✷✵ ❯❆ ❀ ❡t ♣♦✉r r2✱ ❧❛ ❧✐♠✐t❡
✐♥❢ér✐❡✉r❡ ❡st ❞❡ ✸✵ ❯❆✱ ❧✬❛❥✉st❡♠❡♥t ♥❡ ♣❡r♠❡tt❛♥t ♣❛s ❞❡ ❞♦♥♥❡r ✉♥❡ ❧✐♠✐t❡ s✉♣ér✐❡✉r❡✳ ▲❡s
❧✐♠✐t❡s ❝♦rr❡s♣♦♥❞❛♥t❡s ♣♦✉r Q∗D s♦♥t ✻✷ ❏✳❦❣
−1 à ✽✾✺ ❏✳❦❣−1 ♣♦✉r ❧❛ ❣❧❛❝❡✱ ❡t ✾✷ ❏✳❦❣−1 à
✷✷✼✼ ❏✳❦❣−1 ♣♦✉r ❧❡ ❜❛s❛❧t❡✱ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ♠♦❞è❧❡ ❞❡ ❇❡♥③ ❛♥❞ ❆s♣❤❛✉❣ ✭✶✾✾✾✮✳
▲✬❛❥✉st❡♠❡♥t ♥✬❡st ♣❛s s❡♥s✐❜❧❡ ❛✉① ❣r❛♥❞❡s ✈❛❧❡✉rs ❞❡ Mmid✱ ❡t ♥❡ ♣❡r♠❡t ♣❛s ❞❡ ❞♦♥♥❡r
✉♥❡ ❧✐♠✐t❡ s✉♣ér✐❡✉r❡ ♣♦✉r ❝❡ ♣❛r❛♠ètr❡✳ ❊♥ ❡✛❡t✱ ❧❡ t❡♠♣s ❝♦❧❧✐s✐♦♥♥❡❧ τc(0) ✭éq✉❛t✐♦♥ ✻✳✶✶✮
❡st s♦✉✈❡♥t ♣❧✉s ♣❡t✐t q✉❡ ❧✬â❣❡ ❞❡s ét♦✐❧❡s t✳ ❖r✱ ❝♦♠♠❡ ❧✬❛ ♠♦♥tré ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✱ ♣♦✉r
t >> τc(0)✱ ❧❛ ♠❛ss❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s à ❧✬✐♥st❛♥t t ♥❡ ❞é♣❡♥❞ ♣❧✉s ❞❡ s❛ ♠❛ss❡ ✐♥✐t✐❛❧❡✳
▲✬✐♥❢♦r♠❛t✐♦♥ s✉r Mtot(0) ✭❡t ❞♦♥❝ s✉r Mmid✮ ♥✬❡st ❞♦♥❝ ❛❝❝❡ss✐❜❧❡ q✉❡ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s
❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛ss❡③ ❥❡✉♥❡s✳ ◆é❛♥♠♦✐♥s✱ ✉♥❡ ❧✐♠✐t❡ s✉♣ér✐❡✉r❡ ❞❡ ✷✶ ▼⊕ ♣♦✉r Mmid ♣❡✉t
êtr❡ ❞é❞✉✐t❡ ❞❡ ❧❛ ♠❛ss❡ ♠é❞✐❛♥❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡ ♠❡s✉ré❡ ❞❛♥s ❧❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s
❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡ ❚❛✉r✉s✲❆✉r✐❣❛ ✭❆♥❞r❡✇s
❛♥❞ ❲✐❧❧✐❛♠s✱ ✷✵✵✺✮✱ ❝♦♠♣t❡ t❡♥✉ ❞✉ ❢❛✐t q✉❡✱ ❛✉t♦✉r ❞❡s ét♦✐❧❡s ♣ré✲séq✉❡♥❝❡ ♣r✐♥❝✐♣❛❧❡✱ ❧❡s
♠❛ss❡s ❞❡s ❞✐sq✉❡s s♦♥t à ♣❡✉ ♣rès ♣r♦♣♦rt✐♦♥♥❡❧❧❡s ❛✉① ♠❛ss❡s ❞❡ ❧❡✉rs ét♦✐❧❡s ✭◆❛tt❛ ❡t ❛❧✳✱
✷✵✵✵ ❀ ❆♥❞r❡✇s ❛♥❞ ❲✐❧❧✐❛♠s✱ ✷✵✵✼✮✳
▲✬❛❥✉st❡♠❡♥t ❡st é❣❛❧❡♠❡♥t ♣❡✉ s❡♥s✐❜❧❡ à ❧❛ ✈❛❧❡✉r ❞❡ r2✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ✈❛❧❡✉r ♥é❣❛t✐✈❡
❞❡ ❧✬❡①♣♦s❛♥t γ ❞❡ ❧❛ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s r❛②♦♥s ❞❡s ❞✐sq✉❡s ✿ ❧❡s ❞✐sq✉❡s
à ♣❡t✐ts r❛②♦♥s s♦♥t ♣❧✉s ♥♦♠❜r❡✉① q✉❡ ❝❡✉① à ❣r❛♥❞s r❛②♦♥s✱ ❡t ❞♦♥❝ ♣ès❡♥t ❞❛✈❛♥t❛❣❡ ❞❛♥s
❧✬❛❥✉st❡♠❡♥t✳ ▲❡s ♣❛r❛♠ètr❡s r1 ❡t r2 ♦♥t été ❝❛❧❝✉❧és ❡♥ ✉t✐❧✐s❛♥t ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ é♠✐ss✐♦♥
t❤❡r♠✐q✉❡ ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❞❡ t②♣❡ ❝♦r♣s ♥♦✐r✳ ▲❡s ✈ér✐t❛❜❧❡s r❛②♦♥s ❞❡s ❞✐sq✉❡s s♦♥t
❡♥✈✐r♦♥ ❞❡✉① ❢♦✐s ♣❧✉s ❣r❛♥❞s✱ ❝♦♠♣t❡ t❡♥✉ ❞✉ ❢❛❝t❡✉r Γ = 2 ✭r❛♣♣♦rt ❡♥tr❡ ❧❡ r❛②♦♥ ❞✉ ❞✐sq✉❡
rés♦❧✉ ❡t ❝❡❧✉✐ ❝❛❧❝✉❧é à ♣❛rt✐r ❞❡ ❧✬❤②♣♦t❤ès❡ ✓ ❝♦r♣s ♥♦✐r ✔✮ ❞ét❡r♠✐♥é ♣❛r ❇♦♦t❤ ❡t ❛❧✳ ✭✷✵✶✸✮
❡♥ ét✉❞✐❛♥t ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s rés♦❧✉s ❛✉t♦✉r ❞✬ét♦✐❧❡s ❆ ❞✉ ♣r♦❣r❛♠♠❡ ❉❊❇❘■❙ ❞❡ ❧❛ ♠✐s✲
s✐♦♥ ❍❡rs❝❤❡❧✳
✶✵✽
❋✐❣✉r❡ ✻✳✹ ✕ ❩♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ❞❡ dc✱ r1 ❡t r2 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Mmid✱ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s
❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❆ ❞✉ r❡❧❡✈é ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❛✈❡❝ e = i = ✵✱✵✺✱ dr = r/2✱
α = ✲✶✱✺✱ γ = ✲✵✱✺✱ σMtot = ✵✱✼✶ ❞❡① ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ❢❛✐ts ❞❡ ❣❧❛❝❡✳ ▲❡s rés✉❧t❛ts ❞❡ ❧✬❡①♣❧♦r❛t✐♦♥
❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s s♦♥t ♠♦♥trés s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ❞é❣r❛❞é ❡♥tr❡ ❧❛ ❝♦✉❧❡✉r ❜❧❛♥❝❤❡ q✉✐ ✐♥❞✐q✉❡
❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞✉ t❡st ❑✲❙ ❡t ❧❛ ❝♦✉❧❡✉r ♥♦✐r❡ q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ♣r♦❜❛❜✐❧✐té ❑✲❙ ❞❡ ✵ ✪✳ ❈❤❛q✉❡
r❡❝t❛♥❣❧❡ ✐♥❞✐q✉❡ ❧❡ rés✉❧t❛t ♠❛①✐♠❛❧ ❞✉ t❡st ❑✲❙ s✉r ❧❡s ✐♥t❡r✈❛❧❧❡s ♦ù ❧❡s ❞❡✉① ❛✉tr❡s ♣❛r❛♠ètr❡s ❧✐❜r❡s
s♦♥t ❡①♣❧♦rés✳ ▲❡s ❝♦♥t♦✉rs ✐♥❞✐q✉❡♥t ✾✾ ✪ ✭r♦✉❣❡✮✱ ✾✵ ✪ ✭❜❧❡✉ ❢♦♥❝é✮✱ ✼✺ ✪ ✭❜❧❡✉ ❝❧❛✐r✮✱ ✺✵ ✪ ✭✈❡rt✮
❡t ✶✵ ✪ ✭❥❛✉♥❡✮ ❞❡ ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞✉ t❡st ❑✲❙ ✭✐❝✐✱ ✽✵✱✼ ✪✮✳ ▲✬é❝❤❡❧❧❡ ❡st ❧✐♥é❛✐r❡ ♣♦✉r r1 ❡t r2✱
❧♦❣❛r✐t❤♠✐q✉❡ ♣♦✉r dc ❡t Mmid✳
✶✵✾
▲✬❛❥✉st❡♠❡♥t ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❜✮✱ ❡✛❡❝t✉é s✉r ❞❡s ❢réq✉❡♥❝❡s ❞❡ ❞ét❡❝t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥
❞❡s â❣❡s ❡t ❞❡s ❡①❝ès ♣❤♦t♦s♣❤ér✐q✉❡s ❞❡s ét♦✐❧❡s✱ ❞♦♥♥❛✐t ❝♦♠♠❡ ✈❛❧❡✉rs ❧❡s ♣❧✉s ♣r♦❜❛❜❧❡s ✿
Mmid = ✶✵ ▼⊕✱ dc = ✻✵ ❦♠✱ r1 = ✸ ❯❆✱ r2 = ✶✷✵ ❯❆ ❡t Q∗D = ✸✵✵ ❏✳❦❣
−1 ✭❝❡ ❞❡r♥✐❡r
♣❛r❛♠ètr❡ ét❛♥t ✐♥❞é♣❡♥❞❛♥t ❞❛♥s ❧❡✉r ét✉❞❡✮✳ ■❧s ♦♥t é❣❛❧❡♠❡♥t tr♦✉✈é q✉❡ γ = ✲✵✱✽±✵✱✻ ✱ ❝❡
q✉✐ ❡st ❝♦❤ér❡♥t ❛✈❡❝ ❧❛ ✈❛❧❡✉r ✲✵✱✺ q✉❡ ♥♦✉s ❛✈♦♥s ✜①é❡✳ ■❧s ❛✈❛✐❡♥t ✜①é e = i = ✵✱✵✺✱ dr = r/2
❡t σMtot = ✶✱✶✹ ❞❡①✳ ▲❡ rés✉❧t❛t ❞❡ ❧❡✉r ❛❥✉st❡♠❡♥t s❡ s✐t✉❡ ❞❛♥s ❧❛ ③♦♥❡ ❞❡ ♣r♦❜❛❜✐❧✐té ❑✲❙
s✉♣ér✐❡✉r❡ à ✼✺ ✪ ❞❡ ♥♦tr❡ ❛❥✉st❡♠❡♥t ✭✈♦✐r ✜❣✉r❡ ✻✳✹✮✳
◆♦✉s ❛✈♦♥s é✈❛❧✉é ❧✬❡✛❡t ❞❡s ♣❛r❛♠ètr❡s ✜①és✱ ❡♥ ♠♦❞✐✜❛♥t ❧❡✉r ✈❛❧❡✉r ❧♦rs ❞❡ ❧✬❛❥✉st❡♠❡♥t✳
◆♦✉s ❛✈♦♥s t❡sté ❞✐✛ér❡♥t❡s ❡①❝✐t❛t✐♦♥s ❞②♥❛♠✐q✉❡s ❞❛♥s ❧❡s ❞✐sq✉❡s ✭e = i = ✵✱✵✷✺ ❀ ✵✱✶ ♦✉
✵✱✷✮ ❀ ❞❡s ❞✐sq✉❡s ♣❧✉s étr♦✐ts ❛✈❡❝ dr = r/10 ❀ ❞✐✛ér❡♥ts ❡①♣♦s❛♥ts ♣♦✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s
r❛②♦♥s ♠♦②❡♥s ❞❡s ❞✐sq✉❡s ✭γ = ✵ ♦✉ γ = ✲✶✮ ❀ ♣❧✉s✐❡✉rs ❧❛r❣❡✉rs à 1σ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r✲
♠❛❧❡ ❞❡s Mtot(0) ✭σMtot = ✵✱✷✺ ❀ ✵✱✺✵ ♦✉ ✶✱✶✹ ❞❡①✮ ❀ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ❝♦♥st✐t✉és ❞❡ ❜❛s❛❧t❡✳
▲❡s ③♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t✱ ❧❡✉r str✉❝t✉r❡ ❡t ❧✬❡①t❡♥s✐♦♥ ❞❡s ♥✐✈❡❛✉① ❞❡ ♣r♦❜❛❜✐❧✐té s♦♥t
à ❝❤❛q✉❡ ❢♦✐s très s❡♠❜❧❛❜❧❡s à ❝❡ q✉✐ ét❛✐t ♦❜s❡r✈é ❞❛♥s ♥♦tr❡ ♠♦❞è❧❡ st❛♥❞❛r❞ ✭e = i = ✵✱✵✺ ❀
dr = r/2 ❀ γ = ✲✵✱✺ ❀ σMtot = ✵✱✼✶ ❀ ❣❧❛❝❡✮ ✭✈♦✐r ✜❣✉r❡ ✻✳✹✮✳ ▲❡ s❡✉❧ ❝❛s ♣♦✉r ❧❡q✉❡❧ ❞❡s ❞✐✛ér❡♥❝❡s
♥♦t❛❜❧❡s ❛♣♣❛r❛✐ss❡♥t ❡st ❝❡❧✉✐ ❞❛♥s ❧❡q✉❡❧ ❧❛ ❧❛r❣❡✉r ❞✉ ❞✐sq✉❡ ❡st ❝❤❛♥❣é❡ ✭dr = r/10✮✱ ♣❛s✲
s❛♥t ❞✬✉♥ ❞✐sq✉❡ ét❡♥❞✉ à ✉♥ ❞✐sq✉❡ étr♦✐t✳ ❉❛♥s ❝❡ ❝❛s✱ ❞♦♥t ❧❡s rés✉❧t❛ts s♦♥t ♠♦♥trés ❞❛♥s
❧❛ ✜❣✉r❡ ✻✳✺✱ ❧❡s ✐♥t❡r✈❛❧❧❡s ❞❡s ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ♣♦✉r dc✱ r1 ❡t r2 s♦♥t ❞é❝❛❧és ✈❡rs ❞❡s ✈❛❧❡✉rs
✉♥ ♣❡✉ ♣❧✉s ❣r❛♥❞❡s✱ t❛♥❞✐s q✉❡ ❧✬✐♥t❡r✈❛❧❧❡ ❞❡s ✈❛❧❡✉rs ❞❡ Mmid ❡st é❧❛r❣✐✳ ▲❡s ❧✐♠✐t❡s ❞❡ ❝❡s
✐♥t❡r✈❛❧❧❡s ❞❡✈✐❡♥♥❡♥t ∼✶ ▼⊕ ❡t ✻✵ ▼⊕ ♣♦✉r Mmid ✭❝❡tt❡ ❞❡r♥✐èr❡ ✈❛❧✉r ét❛♥t ✐rré❛❧✐st❡✮ ❀ ❡t
✻ ❦♠ ❡t ✶✵✵ ❦♠ ♣♦✉r dc✳ ❈❡❝✐ ♣❡✉t s✬❡①♣❧✐q✉❡r ❛✉ r❡❣❛r❞ ❞❡s éq✉❛t✐♦♥s ✻✳✶✶✱ ✻✳✶✷ ❡t ✻✳✶✹ ✿ ❧❡
t❡♠♣s ❝♦❧❧✐s✐♦♥♥❡❧ τc(0)✱ q✉✐ ❝♦♥trô❧❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ❞✐sq✉❡✱ ❡st ♣r♦♣♦rt✐♦♥♥❡❧ à dr/r✱ à dc ❡t
à r5/2✱ ❡t ✐♥✈❡rs❡♠❡♥t ♣r♦♣♦rt✐♦♥♥❡❧ à Mtot✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ dr/r ❡st ❞♦♥❝ ❝♦♠♣❡♥sé❡ ♣❛r
❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ dc✱ ❞❡ r ♦✉ ♣❛r ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ Mmid✳
▲❡ ♠♦❞è❧❡ st❛♥❞❛r❞ q✉❡ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ✭e = i = ✵✱✵✺ ❀ dr = r/2 ❀ γ = ✲✵✱✺ ❀ σMtot =
✵✱✼✶ ❞❡① ❀ ❣❧❛❝❡✮ ❞♦♥♥❡ ♥é❛♥♠♦✐♥s ✉♥❡ ♣r♦❜❛❜✐❧✐té ❑✲❙ ✭✽✵✱✼ ✪✮ ❧é❣èr❡♠❡♥t ♠❡✐❧❧❡✉r❡ q✉❡
❧♦rsq✉❡ ❧❡s ♣❛r❛♠ètr❡s ✜①❡s s♦♥t ♠♦❞✐✜és✳ P❛r ❡①❡♠♣❧❡✱ ❧❡s t❡sts ♣♦✉r ❧❡sq✉❡❧s ❧❛ ✈❛❧❡✉r ❞❡
σMtot ❡st ✜①é❡ ✵✱✷✺✱ ✵✱✺✵ ❡t ✶✱✶✹ ❞♦♥♥❡♥t ❞❡s ♣r♦❜❛❜✐❧✐tés ❑✲❙ ❞❡ ✼✼✱✼ ✪✱ ✼✽✱✶ ✪ ❡t ✼✹✱✶ ✪
r❡s♣❡❝t✐✈❡♠❡♥t✳
✻✳✷✳✸ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡
◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❛♣♣❧✐q✉é ♥♦tr❡ ♣r♦❝é❞✉r❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❛✉① ét♦✐❧❡s ❞✉ r❡❧❡✈é ❞❡
❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮✳ ▲❛ ♣❤♦t♦♠étr✐❡ à ✷✹ ❡t ✼✵ µ♠ ❞✬❡♥✈✐r♦♥ ✷✵✵ ét♦✐❧❡s ❞❡ t②♣❡ ❋✱ ● ♦✉
❑ ❛ été r❡❧❡✈é❡ ♣❛r ❙♣✐t③❡r ❀ ❝❡s ét♦✐❧❡s s♦♥t â❣é❡s ❞❡ ✷✾✺ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s à ✶✶✱✼✺ ♠✐❧❧✐❛r❞s
❞✬❛♥♥é❡s ❡t s✐t✉é❡s à ❞❡s ❞✐st❛♥❝❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ✹✱✼ ❡t ✶✹✽ ♣❛rs❡❝s✳ ▲✬é❝❤❛♥t✐❧❧♦♥ ❞✬ét♦✐❧❡s
❡st ✐ss✉ ❞❡ ❞✐✛ér❡♥ts ♣r♦❣r❛♠♠❡s ❞✬♦❜s❡r✈❛t✐♦♥ ❡t ♥✬❡st ♣❛s st❛t✐st✐q✉❡♠❡♥t ❜✐❡♥ ❞é✜♥✐✳ ❉❡s
❡①❝ès ♣❤♦t♦s♣❤ér✐q✉❡s ♦♥t été ❞ét❡❝tés ❛✉t♦✉r ❞❡ ✸✷ ét♦✐❧❡s à ✼✵ µ♠ ❡t ❛✉t♦✉r ❞❡ ✼ ét♦✐❧❡s à
✷✹ µ♠✳ ❉❡ ♠ê♠❡ q✉❡ ♣♦✉r ❧❡s ét♦✐❧❡s ❆✱ ♥♦✉s ♥✬❛✈♦♥s ✉t✐❧✐sé ♥♦tr❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t q✉❡
s✉r ❧❡s ét♦✐❧❡s ❛✉t♦✉r ❞❡sq✉❡❧❧❡s ✉♥ ❞✐sq✉❡ ❛ ♣✉ êtr❡ ❞ét❡❝té✳ ▲❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ❞❡
❝❡s ❞✐sq✉❡s s♦♥t ✐ss✉❡s ❞❡s t❛❜❧❡❛✉① ✺ ❡t ✻ ❞❡ ❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮✳ P♦✉r s✐① ❞❡ ❝❡s ❞✐sq✉❡s✱
❧❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ❡st ♠❡s✉ré❡ à ♣❛rt✐r ❞❡s ❡①❝ès ♣❤♦t♦s♣❤ér✐q✉❡s ♠❡s✉rés à ✷✹ ❡t à
✼✵ µ♠✳ ❉❛♥s ❧❡s ❛✉tr❡s ❝❛s✱ ❧✬❡①❝ès ♣❤♦t♦s♣❤ér✐q✉❡ ♥✬❛ été ❞ét❡❝té q✉✬à ✼✵ µ♠ ❀ ❞❛♥s ❝❡s ❝❛s✱
❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮ ✜①❡♥t ❧✬✓ ❡①❝ès ✔ ❞❡ ✷✹ µ♠ à tr♦✐s ❢♦✐s ❧❛ ✈❛❧❡✉r ❞❡ ❧✬✐♥❝❡rt✐t✉❞❡ à ❝❡tt❡
❧♦♥❣✉❡✉r ❞✬♦♥❞❡✱ ❛✈❛♥t ❞❡ tr♦✉✈❡r ❧✬é♠✐ss✐♦♥ ❞❡ ❝♦r♣s ♥♦✐r q✉✐ s✬❛❥✉st❡ ❧❡ ♠✐❡✉① à ❝❡s ❞♦♥♥é❡s✳
▲❛ t❡♠♣ér❛t✉r❡ ❛✐♥s✐ tr♦✉✈é❡ ❡st ❧❛ t❡♠♣ér❛t✉r❡ ♠❛①✐♠❛❧❡ ♣♦ss✐❜❧❡ ❝♦♠♣t❡ t❡♥✉ ❞❡s ❞♦♥♥é❡s✱
✶✶✵
❋✐❣✉r❡ ✻✳✺ ✕ ❩♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ❞❡ dc✱ r1 ❡t r2 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Mmid✱ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s
❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❆ ❞✉ r❡❧❡✈é ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❛✈❡❝ e = i = ✵✱✵✺✱ dr = r/10✱
α = ✲✶✱✺✱ γ = ✲✵✱✺✱ σMtot = ✵✱✼✶ ❞❡① ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ❢❛✐ts ❞❡ ❣❧❛❝❡✳ ▲❡ s❡✉❧ ♣❛r❛♠ètr❡ ✜①❡ ♠♦❞✐✜é
♣❛r r❛♣♣♦rt à ❧❛ ✜❣✉r❡ ✻✳✹ ❡st ❧❛ ❧❛r❣✉❡r ❞✉ ❞✐sq✉❡ dr✳ ▲❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞✉ t❡st ❑✲❙ ❡st ✐❝✐ ✼✼✱✻ ✪✳
❱♦✐r ❧❛ ❧é❣❡♥❞❡ ❞❡ ❧❛ ✜❣✉r❡ ✻✳✹ ♣♦✉r ❧❡ ❝♦❞❡ ❝♦✉❧❡✉r ✉t✐❧✐sé✳
✶✶✶
❡t ❞❡ ♠ê♠❡ ♣♦✉r ❧❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡✳
▲❡s ✐♥t❡r✈❛❧❧❡s ❞❡s ♣❛r❛♠ètr❡s ✐♥❞é♣❡♥❞❛♥ts t❡stés ✭Mmid✱ dc✱ r1 ❡t r2✮ ❛✐♥s✐ q✉❡ ❧❡s ✈❛❧❡✉rs
❞❡s ♣❛r❛♠ètr❡s ✜①❡s ✭e✱ i✱ dr✱ γ✱ σMtot ✱ α✱ ♠❛tér✐❛✉✮ s♦♥t ❧❡s ♠ê♠❡s q✉❡ ❝❡✉① ✉t✐❧✐sés ♣♦✉r ❧❡s
ét♦✐❧❡s ❆ ✭s❡❝t✐♦♥ ✻✳✷✳✷✮✳ ▲❛ ✜❣✉r❡ ✻✳✻ ❞♦♥♥❡ ❧❡ rés✉❧t❛ts ❞❡ ❧✬❛❥✉st❡♠❡♥t ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡
t②♣❡ s♦❧❛✐r❡✳ ▲❡s ③♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t✱ r❡♣éré❡s ♣❛r ❧❡ ❝♦♥t♦✉r ❞❡ ✾✵ ✪ ❞❡ ♣r♦❜❛❜✐❧✐té
❑✲❙✱ s♦♥t ♣❧✉s ❧❛r❣❡s q✉❡ ♣♦✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❞✬ét♦✐❧❡s ❆✳
▲✬é❝❤❛♥t✐❧❧♦♥ ❞✬ét♦✐❧❡s ❋●❑ ✉t✐❧✐sé ✐❝✐ ❝♦♥t✐❡♥t ✉♥ ♣❡✉ ♠♦✐♥s ❞✬ét♦✐❧❡s q✉❡ ❝❡❧✉✐ ❞✬ét♦✐❧❡s
❆ ✉t✐❧✐sé ❡♥ ✻✳✷✳✷ ❀ ❞❡ ♣❧✉s✱ ❧❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ✉t✐❧✐sé❡s s♦♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❡s
✈❛❧❡✉rs ♠❛①✐♠✉♠ ❞ér✐✈é❡s ❞❡s ❡①❝ès ❞ét❡❝tés ✉♥✐q✉❡♠❡♥t à ✼✵ µ♠✳ ❈❡s ❧✐♠✐t❡s s♦♥t à ♣r❡♥❞r❡
❡♥ ❝♦♠♣t❡ ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡s rés✉❧t❛ts✱ ❡t ❧❡s rés✉❧t❛ts ❞❡ ❧✬❛❥✉st❡♠❡♥t s♦♥t ❞❡ ❝❡ ❢❛✐t ♠♦✐♥s
s✐❣♥✐✜❝❛t✐❢s ✿ ❧❡s ③♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t s♦♥t ♣❧✉s ✈❛st❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✻✳✻ q✉❡ ❞❛♥s ❧❛
✜❣✉r❡ ✻✳✹✱ ❡t ❢♦✉r♥✐ss❡♥t ❞♦♥❝ ♠♦✐♥s ❞✬✐♥❢♦r♠❛t✐♦♥✳ ❊♥ s❡ ❜❛s❛♥t s✉r ❧❡ ❝♦♥t♦✉r ❞❡ ✾✵ ✪ ❞❡
♣r♦❜❛❜✐❧✐té ❑✲❙✱ ♦♥ ♣❡✉t ❞ét❡r♠✐♥❡r ✉♥❡ ❧✐♠✐t❡ ✐♥❢ér✐❡✉r❡ ❞❡ ✵✱✽ ▼⊕ ❛✉① ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ❞❡
Mmid ❀ ❧❡s ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ❞❡ dc s❡ s✐t✉❡♥t ❡♥tr❡ ✷ ❡t ✻✵ ❦♠✳ ▲❡s ♣❛r❛♠ètr❡s r1 ❡t r2 s♦♥t très
♠❛❧ ❝♦♥tr❛✐♥ts✱ t♦✉t ❛✉ ♣❧✉s ♣❡✉t✲♦♥ ❞ét❡r♠✐♥❡r ✉♥❡ ❧✐♠✐t❡ ✐♥❢ér✐❡✉r❡ ❞❡ ✻ ❯❆ ♣♦✉r ❧❡s ✈❛❧❡✉rs
♣♦ss✐❜❧❡s ❞❡ r1✳ ❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉✬❡♥ ✻✳✷✳✷✱ ✉♥❡ ❧✐♠✐t❡ s✉♣ér✐❡✉r❡ ❞❡s ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ❞❡
Mmid ♣♦✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♣❡✉t s❡ ❞é❞✉✐r❡ ❞❡s ♠❡s✉r❡s ❞❡ ♠❛ss❡s ❞❡ ♣♦✉ss✐èr❡s ❞❛♥s ❧❡s
❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s ❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ❢♦r♠❛t✐♦♥ st❡❧❧❛✐r❡
❚❛✉r✉s✲❆✉r✐❣❛ ✿ ❆♥❞r❡✇s ❛♥❞ ❲✐❧❧✐❛♠s ✭✷✵✵✺✮ ② ♦♥t ❝❛❧❝✉❧é ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❝❡♥✲
tré❡ s✉r Mmid = ✶✺ ▼⊕✳
▲✬❛❥✉st❡♠❡♥t ❞❡ ❑❛✐♥s ❡t ❛❧✳ ✭✷✵✶✶✮✱ ❡✛❡❝t✉é✱ ❞❡ ♠ê♠❡ q✉❡ ❝❡❧✉✐ ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❜✮✱ s✉r
❞❡s ❢réq✉❡♥❝❡s ❞❡ ❞ét❡❝t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s â❣❡s ❡t ❞❡s ❡①❝ès ♣❤♦t♦s♣❤ér✐q✉❡s✱ ♣♦✉r ❞❡s ét♦✐❧❡s
❞❡ t②♣❡ ❋●❑✱ ❞♦♥♥❛✐t ❝♦♠♠❡ ✈❛❧❡✉rs ❧❡s ♣❧✉s ♣r♦❜❛❜❧❡s ✿ Mmid = ✹ ▼⊕✱ dc = ✹✺✵ ❦♠✱ r1 =
✶ ❯❆✱ r2 = ✶✻✵ ❯❆ ❡t Q∗D = ✸✼✵✵ ❏✳❦❣
−1 ✭❝❡ ❞❡r♥✐❡r ♣❛r❛♠ètr❡ ét❛♥t ✐♥❞é♣❡♥❞❛♥t ❞❛♥s ❧❡✉r
ét✉❞❡✮✳ ■❧s ♦♥t é❣❛❧❡♠❡♥t ❛❥✉sté γ ❡t ❧✬♦♥t tr♦✉✈é é❣❛❧ à ✲✵✱✻✵±✵✱✸✺ ✱ ❝❡ q✉✐ ❡st ❝♦❤ér❡♥t ❛✈❡❝ ❧❛
✈❛❧❡✉r ✲✵✱✺ q✉❡ ♥♦✉s ❛✈♦♥s ✜①é❡✳ ■❧s ❛✈❛✐❡♥t ✜①é e = i = ✵✱✵✺✱ dr = r/2 ❡t σMtot = ✵✱✽ ❞❡①✳ ▲❡
rés✉❧t❛t ❞❡ ❧❡✉r ❛❥✉st❡♠❡♥t s❡ s✐t✉❡ ❞❛♥s ❧❛ ③♦♥❡ ❞❡ ♣r♦❜❛❜✐❧✐té ❑✲❙ s✉♣ér✐❡✉r❡ à ✺✵ ✪ ❞❡ ♥♦tr❡
❛❥✉st❡♠❡♥t ✭✈♦✐r ✜❣✉r❡ ✻✳✻✮✳ ❘❡♠❛rq✉♦♥s q✉❡ ❑❛✐♥s ❡t ❛❧✳ ✭✷✵✶✶✮✱ ❞❡ ♠ê♠❡ q✉❡ ❲②❛tt ❡t ❛❧✳
✭✷✵✵✼❜✮✱ ♥❡ ❢♦✉r♥✐ss❡♥t ♣❛s ❞✬✐♥❝❡rt✐t✉❞❡s s✉r ❧❡s ✈❛❧❡✉rs ✉♥✐q✉❡s q✉✬✐❧s ❞♦♥♥❡♥t ❞❡s ♣❛r❛♠ètr❡s
❛❥✉stés✳ ■❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❝❡❧❧❡s✲❝✐ s♦✐❡♥t ❡♥ ré❛❧✐té ❛✉ss✐ ❣r❛♥❞❡s q✉❡ ❧❡s ✐♥t❡r✈❛❧❧❡s tr♦✉✈és
♣❛r ♥♦tr❡ ♠ét❤♦❞❡✳
❉❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉✬❡♥ ✻✳✷✳✷✱ ♥♦✉s ❛✈♦♥s ❝❤❛♥❣é ❧❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s ✜①❡s ❞✉
♠♦❞è❧❡ ✭e✱ i✱ dr✱ γ✱ σMtot ✱ α✱ ♠❛tér✐❛✉✮ ❛✜♥ ❞❡ t❡st❡r s✐ ❧❡s ③♦♥❡s ❞❡ ♠❡✐❧❧❡✉rs ❛❥✉st❡♠❡♥t ❞❡
❧❛ ✜❣✉r❡ ✻✳✻ ét❛✐❡♥t s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♠♦❞✐✜és✳ ❆✉❝✉♥ ❝❤❛♥❣❡♠❡♥t ♥♦t❛❜❧❡ ❞❡ ❧❛ ❢♦r♠❡ ♦✉ ❞❡
❧✬❡①t❡♥s✐♦♥ ❞❡s ③♦♥❡s ❞❡ ♣❧✉s ❢♦rt❡s ♣r♦❛❜✐❧✐tés ❑✲❙ ♥✬❛ été ❝♦♥st❛té✳
✻✳✷✳✹ ❈♦♠♣❛r❛✐s♦♥ ❡♥tr❡ ❧❡s s♦❧✉t✐♦♥s ♣♦✉r ❧❡s ét♦✐❧❡s ❆ ❡t ❋●❑
❊♥ ❝♦♠♣❛r❛♥t ❧❡s ✜❣✉r❡s ✻✳✹ ❡t ✻✳✻✱ ♦♥ ❝♦♥st❛t❡ q✉❡ ❧❡s ③♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ♣♦✉r
❧❡s ét♦✐❧❡s ❆ ❡t ❋●❑ s❡ s✉♣❡r♣♦s❡♥t✱ ❝❡ q✉✐ s✐❣♥✐✜❡ q✉✬✐❧ ❡①✐st❡ ❞❡s ✐♥t❡r✈❛❧❧❡s ❞❡ ✈❛❧❡✉r ♣♦✉r
❝❤❛❝✉♥ ❞❡s ♣❛r❛♠ètr❡s ✐♥❞é♣❡♥❞❛♥ts ❞❡ ♥♦tr❡ ét✉❞❡ q✉✐ s♦♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❧❡s ❞❡✉① é❝❤❛♥✲
t✐❧❧♦♥s ❙♣✐t③❡r ✭ét♦✐❧❡s ❞❡ t②♣❡ ❆ ❡t ét♦✐❧❡s ❞❡ t②♣❡ ❋●❑✮✳ ❖♥ ♣❡✉t ♥é❛♥♠♦✐♥s ♥♦t❡r q✉❡ ❧❛
❧✐♠✐t❡ ✐♥❢ér✐❡✉r❡ ❞❡s ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ❞❡ Mmid ❡st ♣❧✉s ♣❡t✐t❡ ♣♦✉r ❧❡s ét♦✐❧❡s ❋●❑ ✭✵✱✽ ▼⊕✮
q✉❡ ♣♦✉r ❧❡s ét♦✐❧❡s ❆ ✭✷ ▼⊕✮✱ ❝❡ q✉✐ ❝♦♥✜r♠❡ q✉❡ ❧❡s ♠❛ss❡s ❞❡s ❞✐sq✉❡s s♦♥t ❣❧♦❜❛❧❡♠❡♥t
✶✶✷
❋✐❣✉r❡ ✻✳✻ ✕ ❩♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ❞❡ dc✱ r1 ❡t r2 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ Mmid✱ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s
❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❋●❑ ❞✉ r❡❧❡✈é ❞❡ ❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮✱ ❛✈❡❝ e = i = ✵✱✵✺✱
dr = r/2✱ α = ✲✶✱✺✱ γ = ✲✵✱✺✱ σMtot = ✵✱✼✶ ❞❡① ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ❢❛✐ts ❞❡ ❣❧❛❝❡✳ ▲❡s rés✉❧t❛ts
❞❡ ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s s♦♥t ♠♦♥trés s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥ ❞é❣r❛❞é ❡♥tr❡ ❧❛ ❝♦✉❧❡✉r
❜❧❛♥❝❤❡ q✉✐ ✐♥❞✐q✉❡ ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞✉ t❡st ❑✲❙ ❡t ❧❛ ❝♦✉❧❡✉r ♥♦✐r❡ q✉✐ ✐♥❞✐q✉❡ ✉♥❡ ♣r♦❜❛❜✐❧✐té ❑✲❙
❞❡ ✵ ✪✳ ❈❤❛q✉❡ r❡❝t❛♥❣❧❡ ✐♥❞✐q✉❡ ❧❡ rés✉❧t❛t ♠❛①✐♠❛❧ ❞✉ t❡st ❑✲❙ s✉r ❧❡s ✐♥t❡r✈❛❧❧❡s ♦ù ❧❡s ❞❡✉① ❛✉tr❡s
♣❛r❛♠ètr❡s ❧✐❜r❡s s♦♥t ❡①♣❧♦rés✳ ▲❡s ❝♦♥t♦✉rs ✐♥❞✐q✉❡♥t ✾✾ ✪ ✭r♦✉❣❡✮✱ ✾✵ ✪ ✭❜❧❡✉ ❢♦♥❝é✮✱ ✼✺ ✪ ✭❜❧❡✉
❝❧❛✐r✮✱ ✺✵ ✪ ✭✈❡rt✮ ❡t ✶✵ ✪ ✭❥❛✉♥❡✮ ❞❡ ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞✉ t❡st ❑✲❙ ✭✐❝✐✱ ✽✼✱✶ ✪✮✳ ▲✬é❝❤❡❧❧❡ ❡st ❧✐♥é❛✐r❡
♣♦✉r r1 ❡t r2✱ ❧♦❣❛r✐t❤♠✐q✉❡ ♣♦✉r dc ❡t Mmid✳
✶✶✸
♣r♦♣♦rt✐♦♥♥❡❧❧❡s à ❝❡❧❧❡s ❞❡ ❧❡✉rs ét♦✐❧❡s ✭◆❛tt❛ ❡t ❛❧✳✱ ✷✵✵✵ ❀ ❆♥❞r❡✇s ❛♥❞ ❲✐❧❧✐❛♠s✱ ✷✵✵✼✮✳
❉❛♥s ❧❡s r❡❧❡✈és q✉❡ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sés✱ ❧✬â❣❡ ♠♦②❡♥ ét❛✐t ❞❡ ✷✺✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ♣♦✉r
❧❡s ét♦✐❧❡s ❆ ✭❡♥✈✐r♦♥ ✉♥ t✐❡rs ❞❡ ❧❡✉r ❞✉ré❡ ❞❡ ✈✐❡✮ ❡t ❞❡ ✹✱✸ ♠✐❧❧✐❛r❞s ❞✬❛♥♥é❡s ♣♦✉r ❧❡s ét♦✐❧❡s
❋●❑✱ ✉♥❡ ✈❛❧❡✉r ♣r♦❝❤❡ ❞❡ ❧✬â❣❡ ❛❝t✉❡❧ ❞✉ ❙♦❧❡✐❧✱ q✉✐ ❡♥ ❡st à ♣❡✉ ♣rès à ❧❛ ♠♦✐t✐é ❞❡ s❛ ✈✐❡✳
▲❡s ✈❛❧❡✉rs ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ♣♦✉r ❧❡ ❞✐❛♠ètr❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❧❡s ♣❧✉s ❣r❛♥❞s ❞❡ ❧❛
❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ s♦♥t ❝♦♠♣r✐s❡s ❡♥tr❡ ✷ ❡t ✻✵ ❦♠ ❧♦rsq✉❡ dr = r/2 ✭✜❣✉r❡s ✻✳✹ ❡t ✻✳✻✮✱ ❡t
❡♥tr❡ ✻ ❡t ✶✵✵ ❦♠ ♣♦✉r ❧❡s ❞✐sq✉❡s ♣❧✉s étr♦✐ts ♦ù dr = r/10 ✭✜❣✉r❡ ✻✳✺✮✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡
❝♦♠♣❛r❡r ❝❡s ✈❛❧❡✉rs ❛✈❡❝ ❝❡❧❧❡s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ t❛✐❧❧❡ ❞❡s ♦❜❥❡ts ❞❡ ❧❛ ❝❡✐♥t✉r❡s ❞❡ ❑✉✐♣❡r✳
❈❡❧❧❡✲❝✐ ♠♦♥tr❡ ✉♥❡ ❝♦✉♣✉r❡ ❛✉① ❛❧❡♥t♦✉rs ❞❡ ✸✵ ❦♠ ✭❉♦♥♥✐s♦♥✱ ✷✵✵✻ ❀ ❋r❛s❡r ❛♥❞ ❑❛✈❡❧❛❛rs✱
✷✵✵✾ ❀ ❙❝❤❧✐❝❤t✐♥❣ ❡t ❛❧✳✱ ✷✵✵✾ ❀ ❋✉❡♥t❡s ❡t ❛❧✳✱ ✷✵✶✵✮✱ ❝❡ q✉✐ ❡st r❡♠❛rq✉❛❜❧❡♠❡♥t ❝♦❤ér❡♥t ❛✈❡❝
♥♦s rés✉❧t❛ts✳ ❈❡tt❡ ❝♦✉♣✉r❡ ❡st ❣é♥ér❛❧❡♠❡♥t ❡①♣❧✐q✉é❡ ❝♦♠♠❡ ✐ss✉❡ ❞❡ ❧✬ér♦s✐♦♥ ❞❡ ❧❛ ❝❡✐♥t✉r❡
❞❡ ❑✉✐♣❡r ✿ ❧❡s ♦❜❥❡ts tr❛♥s♥❡♣t✉♥✐❡♥s ♣❧✉s ♣❡t✐ts s♦♥t ❡♥❣❛❣és ❞❛♥s ✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥✲
♥❡❧❧❡ ❝❛r ❧❡ t❡♠♣s ❝♦❧❧✐s✐♦♥♥❡❧ ❝♦rr❡s♣♦♥❞❛♥t à ❧❡✉r t❛✐❧❧❡ ✭✈♦✐r éq✉❛t✐♦♥ ✻✳✶✶ ❡t s✉✐✈❛♥t❡s✮ ❡st
✐♥❢ér✐❡✉r à ❧✬â❣❡ ❞✉ s②stè♠❡ s♦❧❛✐r❡ ❀ t❛♥❞✐s q✉❡ ❧❡s ♦❜❥❡ts ♣❧✉s ❣r♦s s♦♥t ♣r✐♠♦r❞✐❛✉①✳ ▲❡ ♠♦❞è✲
❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✉t✐❧✐sé ✐❝✐ s❡♠❜❧❡ ❞♦♥❝ tr❛♥s♣♦s❛❜❧❡ à ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r✳
▲❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❧❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s ✐♥❞é♣❡♥❞❛♥ts tr♦✉✈é❡s ❞❛♥s ♥♦tr❡ ét✉❞❡
❡t ❝❡❧❧❡s ❝❛❧❝✉❧é❡s ♣❛r ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❜✮ ❡t ❑❛✐♥s ❡t ❛❧✳ ✭✷✵✶✶✮✱ q✉✐ ✉t✐❧✐s❡♥t ✉♥❡ ♠ét❤♦❞❡
❞✐✛ér❡♥t❡ ❞❡ ❧❛ ♥ôtr❡✱ ♣❡✉✈❡♥t ❛♣♣❛r❛îtr❡ ❝♦♥tr❛❞✐❝t♦✐r❡s✳ ◆é❛♥♠♦✐♥s✱ ❧❡s s♦❧✉t✐♦♥s ♦❜t❡♥✉❡s
❣râ❝❡ à ❧❡✉r ♠ét❤♦❞❡ s♦♥t ❞❡s s♦❧✉t✐♦♥s s♣é❝✐✜q✉❡s ♣❛r♠✐ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ s♦❧✉t✐♦♥s ❞♦♥t ❧❛
♣r♦❜❛❜✐❧✐té ❡st à ♣❡✉ ♣rès éq✉✐✈❛❧❡♥t❡✱ ❝❡ q✉✐ ❡st ❛♣♣❛r❡♥t ❞❛♥s ♥♦tr❡ ♣r♦❝é❞✉r❡ ❧♦rsq✉❡ ❧❡s
③♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t s♦♥t ❡①♣♦sé❡s ❞❛♥s ❧❡✉r ❡♥s❡♠❜❧❡✳ ❉❡s ❞♦♥♥é❡s s✉♣♣❧é♠❡♥t❛✐r❡s
❡t ❞❡s é❝❤❛♥t✐❧❧♦♥s ❞✬ét♦✐❧❡s st❛t✐st✐q✉❡♠❡♥t ♠✐❡✉① ❞é✜♥✐s✱ t❡❧s q✉❡ ❝❡✉① ✉t✐❧✐sés ❞❛♥s ❧❡s ♣r♦✲
❣r❛♠♠❡ ❉❯◆❊❙ ❡t ❉❊❇❘■❙ ❞✉ té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❍❡rs❝❤❡❧✱ ❞❡✈r❛✐❡♥t ❞♦♥♥❡r ❞❡s ❛❥✉st❡♠❡♥ts
♣❧✉s ♣ré❝✐s ❞❛♥s ❞❡ ♣r♦❝❤❛✐♥❡s ét✉❞❡s✳
✻✳✷✳✺ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① ét♦✐❧❡s ▼
❆✈❛♥t ❍❡rs❝❤❡❧✱ très ♣❡✉ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♦♥t été ❞ét❡❝tés ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼
✭▲❡str❛❞❡ ❡t ❛❧✳✱ ✷✵✵✻ ❀ ●❛✉t✐❡r ❡t ❛❧✳✱ ✷✵✵✼ ❀ ▲❡str❛❞❡ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ◆♦✉s ♥✬❛✈♦♥s ❞♦♥❝ ♣❛s
♣✉ ✉t✐❧✐s❡r ♥♦tr❡ ♣r♦❝é❞✉r❡ s✉r ✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞ét❡❝tés ❛✉t♦✉r ❞✬ét♦✐❧❡s
▼✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ✈♦✉❧✉ ❞ét❡r♠✐♥❡r s✐ ❧❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s ❛❥✉sté❡s ♣♦✉r ❧❡s ét♦✐❧❡s ❆
❡t ❋●❑ ét❛✐❡♥t ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝ ❝❡ ❢❛✐❜❧❡ t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s
ét♦✐❧❡s ▼✳
◆♦✉s ❛✈♦♥s s✐♠✉❧é ❧❡s ❞❡♥s✐tés ❞❡ ✢✉① ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ❧♦✐♥t❛✐♥ ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s
❞❡ ❞é❜r✐s✱ ❝❛❧❝✉❧é❡ ❛✈❡❝ ❧❡ ♠ê♠❡ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s✱ ❛✉t♦✉r ❞✬✉♥ ❝❛t❛❧♦❣✉❡ ❞✬ét♦✐❧❡s
▼ ✐ss✉ ❞✉ r❡❧❡✈é ❞❡ ●❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❛✜♥ ❞❡ ❝♦♠♣❛r❡r ❧❡s ✢✉① ❛✐♥s✐ s✐♠✉❧és ❛✉ s❡✉✐❧ 3σ ❞❡
s❡♥s✐❜✐❧✐té ❞❡ ●❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✼✮ à λ = ✼✵ µ♠✳ ▲❛ ❞❡♥s✐té ❞❡ ✢✉① ❞❡ ❧✬é♠✐ss✐♦♥ t❤❡r♠✐q✉❡ ❞❡
❧❛ ♣♦✉ss✐èr❡✱ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❛ ré♣❛rt✐t✐♦♥ r❛❞✐❛❧❡ ❞❡s ❣r❛✐♥s ❞❛♥s ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱
s✬é❝r✐t ✿
Sν = 2,5× 1011 f
−4
T A(t) (α+ 2)
d2 (rα+2out − rα+2in )
N∑
i=0
Bν(T (ri))r
α+1
i ∆r ✭✻✳✷✻✮
♦ù Sν ❡st ❡♥ ♠❏②✱ d ❡st ❧❛ ❞✐st❛♥❝❡ ❞❡ ❧✬ét♦✐❧❡ à ❧❛ ❚❡rr❡ ❡♥ ♣❛rs❡❝s✱ A(t) ❧✬❛✐r❡ é♠✐ttr✐❝❡ t♦t❛❧❡
❞❡s ❣r❛✐♥s ❞✉ ❞✐sq✉❡ ❡♥ ❯❆2 ✭✈♦✐r éq✉❛t✐♦♥ ✻✳✷✷✮ ❡t α ❧✬❡①♣♦s❛♥t ❞✉ ♣r♦✜❧ r❛❞✐❛❧ ❞❡ ❞❡♥s✐té ❞❡s
♣❧❛♥étés✐♠❛✉① ❞❛♥s ❧❡ ❞✐sq✉❡ ✭✈♦✐r éq✉❛t✐♦♥ ✻✳✷✹✮✳ ▲❛ ❞✐st❛♥❝❡ r❛❞✐❛❧❡ ri✱ ✐♥❝ré♠❡♥té❡ ❛✈❡❝ ✉♥
♣❛s ❞❡ ∆r ❡♥tr❡ ❧❡ r❛②♦♥ ✐♥t❡r♥❡ rin ❡t ❧❡ r❛②♦♥ ❡①t❡r♥❡ rout ❞✉ ❞✐sq✉❡✱ ❡st ❡❧❧❡ ❛✉ss✐ ❡♥ ❯❆✳
✶✶✹
▲❛ ❢♦♥❝t✐♦♥ ❞❡ P❧❛♥❝❦ Bν ❞é♣❡♥❞ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ ♣♦✉ss✐èr❡ T (ri) à ❧❛ ❞✐st❛♥❝❡ ri ❞❡
❧✬ét♦✐❧❡✳ P❧✉s✐❡✉rs ét✉❞❡s ♦♥t ♠♦♥tré q✉❡ ❝❡tt❡ t❡♠♣ér❛t✉r❡ ❡st ♣❧✉s ❣r❛♥❞❡ q✉❡ ❧❛ t❡♠♣ér❛t✉r❡
❞❡ ❝♦r♣s ♥♦✐r✱ ❧♦rsq✉❡ ❧✬✐♠❛❣❡ rés♦❧✉❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡✉t êtr❡ ❝♦♠♣❛ré❡ à ❧✬❛❥✉st❡♠❡♥t ❞❡
❧✬❡①❝ès ♣❤♦t♦s♣❤ér✐q✉❡✳ ❈❡❝✐ ❡st ❞û à ❧❛ ♠✐♥ér❛❧♦❣✐❡✱ ❛✉① ❢♦r♠❡s ✐rré❣✉❧✐èr❡s ❡t ❧❛ ❞✐str✐❜✉t✐♦♥
❞❡ t❛✐❧❧❡ ❞❡s ❣r❛✐♥s ✭✈♦✐r ▲❡❜r❡t♦♥ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❈❡s ♣r♦♣r✐étés ♣❡✉✈❡♥t êtr❡ ♣r✐s❡s ❡♥ ❝♦♠♣t❡
♣❛r ✉♥ ♠♦❞è❧❡ s✐♠♣❧✐✜é ✿
T (ri) = fT TBB(ri) ✭✻✳✷✼✮
♦ù TBB(ri) = 278L
1/4
∗ r
−1/2
i ❡st ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❝♦r♣s ♥♦✐r ❞❡s ❣r❛✐♥s✱ ❛✈❡❝ L∗ ❡♥ ▲⊙ ❡t ri
❡♥ ❯❆✳ ▲❡ ❢❛❝t❡✉r fT ❡st ❧✐é à ❧✬❡✣❝❛❝✐té é♠✐ss✐✈❡ Q < 1✳ ■❧ ♥✬❛ ♣✉ êtr❡ ❞ét❡r♠✐♥é q✉❡ ❞❛♥s
❝❡rt❛✐♥s ❝❛s ✿ fT = 3,5
+0,5
−1,0 ♣♦✉r ❧✬ét♦✐❧❡ ▼✸ ●❏✺✽✶ ✭▲❡str❛❞❡ ❡t ❛❧✳✱ ✷✵✶✷✮✱ fT = ✶✱✾ ♣♦✉r
❧✬ét♦✐❧❡ ● ✻✶ ❱✐r ✭❲②❛tt ❡t ❛❧✳✱ ✷✵✶✷✮✱ ❡t fT = ✶✱✹ ♣♦✉r ❧❡s ét♦✐❧❡s ❆ ✭❇♦♥s♦r ❛♥❞ ❲②❛tt✱
✷✵✶✵ ❀ ❇♦♦t❤ ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❈❡tt❡ t❡♥❞❛♥❝❡ ♣♦✉rr❛✐t ✐♥❞✐q✉❡r q✉❡ fT ✭t♦✉❥♦✉rs s✉♣ér✐❡✉r à ✶✮
❞é♣❡♥❞ ❞✉ t②♣❡ s♣❡❝tr❛❧ ✭fT s❡r❛✐t ♣❧✉s ❣r❛♥❞ ♣♦✉r ❧❡s ét♦✐❧❡s ❧❡s ♣❧✉s ❢r♦✐❞❡s✮✳ ▲✬❡✛❡t ❞❡ fT
❞❛♥s ❧✬éq✉❛t✐♦♥ ✻✳✷✻ ❡st ❞♦✉❜❧❡ ✿ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ P❧❛♥❝❦ ❡st ❞é♣❧❛❝é❡ ✈❡rs ❧❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡s
♣❧✉s ❝♦✉rt❡s✱ ❡t ❧❡ ❢❛❝t❡✉r f−4T ré❞✉✐t ❧❛ ❞❡♥s✐té ❞❡ ✢✉①✳ ❈❤♦✐s✐r fT = ✸✱✺ ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡
t②♣❡ ▼✱ ❝♦♠♠❡ ❧❡ s✉❣❣èr❡♥t ❧❡s ❞♦♥♥é❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s✱ ✐♥❞✉✐t ❞♦♥❝ ❞❡s rés✉❧t❛ts ♥❡tt❡♠❡♥t
❞✐✛ér❡♥ts ❞✉ ❝❛s ✓ ❝♦r♣s ♥♦✐r ✔ ✭fT = ✶✮✳ ❉❛♥s ❝❡tt❡ ét✉❞❡✱ ♥♦✉s ❛✈♦♥s t❡sté fT = ✸✱✺ ❡t fT = ✶✳
❉❛♥s ❧❡s ✐♥t❡r✈❛❧❧❡s ❞❡ ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ✐ss✉s ❞❡ ❧✬❛❥✉st❡♠❡♥t ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s
❛✉t♦✉r ❞❡s ét♦✐❧❡s ❆ ✭✈♦✐r ✜❣✉r❡ ✻✳✹✮✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❧❡s ✈❛❧❡✉rs q✉✐ r❡♥❞❡♥t ❧❡ t❡♠♣s ❝♦❧❧✐✲
s✐♦♥♥❡❧ τc(0) ❧❡ ♣❧✉s ♣❡t✐t ♣♦ss✐❜❧❡ ✭✈♦✐r ❧❡s éq✉❛t✐♦♥s ✻✳✶✶✱ ✻✳✶✷ ❡t ✻✳✶✹✮✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ✜①é ✿
dc = ✷ ❦♠✱ Mmid = ✶✺ ▼⊕✱ r1 = ✷ ❯❆ ❡t r2 = ✸✵ ❯❆✳ ❆✐♥s✐✱ ❧❡ ❞✐sq✉❡ s✬ér♦❞❡ ♣❧✉s r❛♣✐❞❡♠❡♥t
❡t s❛ ♠❛ss❡ Mtot(t) ❡st ♣❧✉s ❢❛✐❜❧❡ à ❧✬â❣❡ t ❞❡ ❧✬ét♦✐❧❡✱ ❝❡ q✉✐ ♠è♥❡ à ❞❡ ❢❛✐❜❧❡s ❞❡♥s✐tés ❞❡ ✢✉①✳
◆♦✉s ❛✈♦♥s é♠✐s ❝❡s ❤②♣♦t❤ès❡s ❢❛✈♦r❛❜❧❡s ❛✜♥ ❞✬♦❜t❡♥✐r ❧❡s t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❧❡s ♣❧✉s ♣❡t✐ts
♣♦ss✐❜❧❡s✱ ❝♦♥❢♦r♠é♠❡♥t ❛✉① ♦❜s❡r✈❛t✐♦♥s✳
◆♦✉s ❛✈♦♥s ❞♦♥❝ s✐♠✉❧é ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼ ❞✉ r❡❧❡✈é ❞❡ ●❛✉t✐❡r
❡t ❛❧✳ ✭✷✵✵✼✮✱ ❝❛❧❝✉❧é ❧❡✉r ♠❛ss❡ t♦t❛❧❡ Mtot(t) ❡t ❧❡✉r s✉r❢❛❝❡ é♠✐ttr✐❝❡ A(t) ♣♦✉r ❡♥ ❞é❞✉✐r❡
❧❡✉r ❞❡♥s✐té ❞❡ ✢✉① à ✼✵ µ♠ ✭éq✉❛t✐♦♥ ✻✳✷✻✮✳ ▲❡s ❞✐st❛♥❝❡s ❡t t②♣❡s s♣❡❝tr❛✉① ❞❡s ét♦✐❧❡s s♦♥t
❞♦♥♥é❡s ♣❛r ●❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✼✮ ❀ ❧❡✉rs â❣❡s✱ ✐♥❞ét❡r♠✐♥és✱ ♦♥t été ❝❤♦✐s✐ ❛❧é❛t♦✐r❡♠❡♥t ❡♥tr❡
✶ ❡t ✶✵ ♠✐❧❧✐❛r❞s ❞✬❛♥♥é❡s✳ ❊♥ ❝❤♦✐s✐ss❛♥t ❧❡ s❡✉✐❧ ❞❡ ❞ét❡❝t✐♦♥ 3σ ❞✉ r❡❧❡✈é ✭✾ ♠❏②✮✱ ♥♦✉s
tr♦✉✈♦♥s ✉♥ t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞❡ ✽ ± ✺ ✪ ❧♦rsq✉❡ fT = ✶ ❡t ❞❡ ✷✼ ± ✽ ✪
❧♦rsq✉❡ fT = ✸✱✺✳ ❈❡s t❛✉① s♦♥t s✉♣ér✐❡✉rs à ❝❡✉① ❞❡s r❡❧❡✈és ❞❡ ❞✐sq✉❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼✳
❆✜♥ ❞❡ s❡ ❝♦♥❢♦r♠❡r ❛✉① ❞♦♥♥é❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é q✉❡❧❧❡s ✈❛❧❡✉rs ❞❡s
♣❛r❛♠ètr❡s ❞❡ ♥♦tr❡ ♠♦❞è❧❡ ✐♥❞✉✐s❛✐❡♥t ✉♥ t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ♥✉❧✳ ❯♥ ♣❧✉s ❢❛✐❜❧❡ t❛✉① ❞❡ ❞ét❡❝✲
t✐♦♥ ✐♠♣❧✐q✉❡ ✉♥❡ s✉r❢❛❝❡ é♠✐ttr✐❝❡ A(t) ♣❧✉s ♣❡t✐t❡✱ ❡t ❞♦♥❝ ✉♥ t❡♠♣s ❝♦❧❧✐s✐♦♥♥❡❧ τc(0) ♣❧✉s
❝♦✉rt✳ P♦✉r ❢❛✐r❡ ❞é❝r♦îtr❡ τc(0)✱ ✉♥❡ ♣r❡♠✐èr❡ ♦♣t✐♦♥ ❡st ❞❡ ❢❛✐r❡ ❞✐♠✐♥✉❡r ❧❡ r❛②♦♥ ♠♦②❡♥ r
❞❡s ❞✐sq✉❡s✱ ❡t ❞♦♥❝ ❞❡ ❞✐♠✐♥✉❡r ❧❡s ❧✐♠✐t❡s r1 ❡t r2 ❞❡ ❧❡✉r ❞✐str✐❜✉t✐♦♥ ✿ ♣♦✉r ✉♥❡ ♠ê♠❡ ♠❛ss❡
✐♥✐t✐❛❧❡✱ ✉♥ ❞✐sq✉❡ ♣❧✉s ❝♦♠♣❛❝t s✬ér♦❞❡ ♣❧✉s ✈✐t❡✳ ❯♥❡ s❡❝♦♥❞❡ ♦♣t✐♦♥ ❡st ❞❡ ❞✐♠✐♥✉❡r ❧❛ t❛✐❧❧❡
dc ❞❡s ♣❧✉s ❧❛r❣❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ✿ à ♠❛ss❡ ❝♦♥st❛♥t❡✱ ✐❧s s❡r♦♥t ♣❧✉s ♥♦♠❜r❡✉①✱ ❡t ❧❡s
❝♦❧❧✐s✐♦♥s s❡r♦♥t ❞♦♥❝ ♣❧✉s ❢réq✉❡♥t❡s✳ ▲❛ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❞✉ ❞✐sq✉❡ Mtot(0) ♥✬❛ ❞✬✐♥✢✉❡♥❝❡ q✉✬❛✉
❞é❜✉t ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ✿ ❝♦♠♠❡ ❧✬❛ ♠♦♥tré ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮✱ ♣♦✉r t >> τc(0)✱ ❧❛
♠❛ss❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♥❡ ❞é♣❡♥❞ ♣❧✉s ❞❡ s❛ ♠❛ss❡ ✐♥✐t✐❛❧❡ ❀ ♠♦❞✐✜❡r Mmid✱ ✈❛❧❡✉r ♠é❞✐❛♥❡
❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡s ♠❛ss❡s ✐♥✐t✐❛❧❡s ❞❡s ❞✐sq✉❡s✱ ♥✬❛✉r❛✐t ❞♦♥❝ ♣❛s ♣✉ ❢❛✐r❡ ✈❛r✐❡r
s✉❜st❛♥t✐❡❧❧❡♠❡♥t ❧❡ t❛✉① ❞❡ ❞ét❡❝t✐♦♥✳
❊♥ ❝♦♥s❡r✈❛♥t Mmid = ✶✺ ▼⊕✱ r1 = ✷ ❯❆ ❡t r2 = ✸✵ ❯❆ ♣♦✉r s✐♠✉❧❡r ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❡s
✶✶✺
❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ ♥♦✉s ❛✈♦♥s ❝♦♥st❛té q✉✬✐❧ ❢❛❧❧❛✐t ❢❛✐r❡ ❞❡s❝❡♥❞r❡ ❧❛ ✈❛❧❡✉r ❞❡ dc à ✵✱✺ ❦♠
✭♣♦✉r fT = ✶✮ ♦✉ à ✵✱✷ ❦♠ ✭♣♦✉r fT = ✸✱✺✮ ♣♦✉r q✉❡ ❧❡ t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡✈✐❡♥♥❡
♥✉❧✳ P✉✐s✱ ❡♥ ❝♦♥s❡r✈❛♥t ❝❡tt❡ ❢♦✐s dc = ✷ ❦♠ ❡t Mmid = ✶✺ ▼⊕ ♣♦✉r s✐♠✉❧❡r ❧❛ ♣♦♣✉❧❛t✐♦♥
❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ ♥♦✉s ❛✈♦♥s tr♦✉✈é q✉❡ r1 ❡t r2 ❞❡✈❛✐❡♥t êtr❡ ❛❜❛✐ssé ❥✉sq✉✬à ✷ ❯❆ ❡t
✶✷ ❯❆✱ r❡s♣❡❝t✐✈❡♠❡♥t✱ ♣♦✉r q✉✬❛✉❝✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♥❡ s♦✐t ♣❧✉s ❞ét❡❝té✳ ❯♥❡ ♠♦❞✐✜❝❛t✐♦♥
r❛✐s♦♥♥❛❜❧❡ ❞❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s ❞❡ ♥♦tr❡ ♠♦❞è❧❡ ♣❡r♠❡t ❞♦♥❝ ❞❡ ❣é♥ér❡r ❞❡s ♣♦♣✉❧❛t✐♦♥s
❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞♦♥t ❛✉❝✉♥ ♥✬❡st ❞ét❡❝t❛❜❧❡✱ ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼ ❞✉ r❡❧❡✈é ❞❡ ●❛✉t✐❡r
❡t ❛❧✳ ✭✷✵✵✼✮✳ ❉ès ❧♦rs✱ ♥♦✉s ♣♦✉✈♦♥s ❡♥ ❝♦♥❝❧✉r❡ q✉❡ ❧❡s ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼✱
s✬✐❧s ❡①✐st❡♥t ❡♥ ♥♦♠❜r❡✱ ❞♦✐✈❡♥t êtr❡ très ❝♦♠♣❛❝t✱ ❛✈❡❝ ✉♥ r❛②♦♥ ❞❡ ∼ ✶✵ ❯❆✱ ♦✉ ❜✐❡♥ êtr❡
❝♦♥st✐t✉és ❞❡ ♣❧❛♥étés✐♠❛✉① ❞♦♥t ❧❡ ❞✐❛♠ètr❡ ❡st ✐♥❢ér✐❡✉r ❛✉ ❦✐❧♦♠ètr❡✱ ❝✬❡st✲à✲❞✐r❡ ♣❧✉s ♣❡t✐ts
q✉❡ ❝❡✉① ♦r❜✐t❛♥t ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡s s✉♣ér✐❡✉rs✳
▲❡ r❛②♦♥ ❡①t❡r♥❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❞❡ ❧✬ét♦✐❧❡ ❆❯ ▼✐❝ ❛ été ❡st✐♠é à ✸✺ ❯❆ ♣❛r ❆✉❣❡r❡❛✉
❛♥❞ ❇❡✉st ✭✷✵✵✻✮ ❀ ❧❡ r❛②♦♥ ✐♥t❡r♥❡ ❞✉ ❞✐sq✉❡ ❞❡ ●❏ ✺✽✶ ❛ été é✈❛❧✉é à ✷✺ ± ✶✷ ❯❆ ♣❛r ▲❡str❛❞❡
❡t ❛❧✳ ✭✷✵✶✷✮✳ ▲❡s ❡st✐♠❛t✐♦♥s ❞❡s t❛✐❧❧❡s ❞❡s ❞❡✉① ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❝♦♥♥✉s ❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡
t②♣❡ ▼ ♥❡ s♦♥t ❞♦♥❝ ♣❛s ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬❤②♣♦t❤ès❡ ❞❡ ❞✐sq✉❡s très ❝♦♠♣❛❝ts ❛✉t♦✉r ❞❡ ❝❡s
ét♦✐❧❡s✳
◆♦✉s ❛✈♦♥s ré✉t✐❧✐sé ❝❡tt❡ ♣r♦❝é❞✉r❡ ❛✈❡❝ ❧❡ r❡❧❡✈é s✉❜♠✐❧❧✐♠étr✐q✉❡ ❞❡ ▲❡str❛❞❡ ❡t ❛❧✳ ✭✷✵✵✻✱
✷✵✵✾✮ à λ = ✽✺✵ µ♠ ❡t ✶✱✷ ♠♠✱ ❛✜♥ ❞✬é✈❛❧✉❡r ❧❡ t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s
▼✱ ❡t ❧✬✐♥✢✉❡♥❝❡ ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ s✉r ❝❡ t❛✉①✳ ▲❡ s❡✉✐❧ ❞❡ ❞ét❡❝t✐♦♥ 3σ ❡st ❞❡ ✸ ♠❏②
❞❛♥s ❝❡ r❡❧❡✈é✳ ❊♥ r❡♣r❡♥❛♥t ❧❡s ✈❛❧❡✉rs ♠✐♥✐♠❛❧❡s ❞❡s ♣❛r❛♠ètr❡s ✐ss✉❡s ❞❡ ❧✬❛❥✉st❡♠❡♥t à ❧❛
♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s ❛✉t♦✉r ❞✬ét♦✐❧❡s ❆ ✭dc = ✷ ❦♠✱Mmid = ✶✺ ▼⊕✱ r1 = ✷ ❯❆ ❡t r2 = ✸✵ ❯❆✮✱
❧❡ t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❞❡✈✐❡♥t ♥✉❧ ♣♦✉r fT = ✸✱✺✱ ♠❛✐s ♠♦♥t❡ à ✷✶ ± ✼ ✪ ♣♦✉r fT = ✶✳ ❈❡ t❛✉①
r❡❧❛t✐✈❡♠❡♥t é❧❡✈é ❞❡✈✐❡♥t ♥✉❧ ❧♦rsq✉❡ dc ❡st ❛❜❛✐ssé à ✵✱✷ ❦♠✳ ◆♦✉s ♣♦✉✈♦♥s ❞♦♥❝ é❣❛❧❡♠❡♥t
❝♦♥❝❧✉r❡ ❞❡ ❝❡ r❡❧❡✈é q✉❡ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼✱ s✬✐❧s ❡①✐st❡♥t ❡♥ ♥♦♠❜r❡✱
❞♦✐✈❡♥t êtr❡ ❝♦♥st✐t✉és ❞❡ ♣❡t✐ts ♣❧❛♥étés✐♠❛✉①✱ ❞✬✉♥❡ t❛✐❧❧❡ ❛✉ ♠♦✐♥s ❞✐① ❢♦✐s ✐♥❢ér✐❡✉r❡ à ❝❡✉①
q✉✐ ❝♦♠♣♦s❡♥t ❧❡s ❞✐sq✉❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡s ❆ ♦✉ s♦❧❛✐r❡✳
▲❛ ❢♦r♠❛t✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉① à ♣❛rt✐r ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❞❛♥s ❧❡s ❞✐sq✉❡s ♣r♦t♦✲
♣❧❛♥ét❛✐r❡s ♥✬❡st ♣❛s ❜✐❡♥ ❝♦♠♣r✐s❡ à ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡ ✭❇❧✉♠ ❛♥❞ ❲✉r♠✱ ✷✵✵✽✮✳ ■❧ ❛♣♣❛r❛ît
❞♦♥❝ ❞é❧✐❝❛t ❡t ♣ré♠❛t✉ré ❞❡ s♣é❝✉❧❡r s✉r ❧❡s ♠é❝❛♥✐s♠❡s q✉✐ ♣♦✉rr❛✐❡♥t ❣é♥ér❡r ❞❡s ♣❧❛♥étés✐✲
♠❛✉① ❞✬✉♥❡ t❛✐❧❧❡ s✉♣ér✐❡✉r❡ ❛✉ ❦✐❧♦♠ètr❡ ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡ ❡t ❞❡s ét♦✐❧❡s ♣❧✉s
♠❛ss✐✈❡s✱ ❡t ❞❡s ♣❧❛♥étés✐♠❛✉① ♣❧✉s ♣❡t✐ts ❞✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❛✉t♦✉r ❞❡s ét♦✐❧❡s ♥❛✐♥❡s✳
❉❛♥s ❧❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s✱ ❧✬❛❝❝rét✐♦♥ ❞❡s ❣r❛✐♥s ❞❡ ♣♦✉ss✐èr❡ ❡st ❝♦♥tr❡❜❛❧❛♥❝é❡ ♣❛r
❧❡s ❝♦❧❧✐s✐♦♥s ❡t ❧❡s ❢r❛❣♠❡♥t❛t✐♦♥s ❞❡s ♣❧✉s ❣r♦s ♦❜❥❡ts✱ ❛✐♥s✐ q✉❡ ♣❛r ❧❛ ❢r✐❝t✐♦♥ ❞✉ ❣❛③ q✉✐
t❡♥❞ à ❢❛✐r❡ s♣✐r❛❧❡r ✈❡rs ❧✬ét♦✐❧❡ ❧❡s ♣❛rt✐❝✉❧❡s ❞❡ t❛✐❧❧❡ ✐♥t❡r♠é❞✐❛✐r❡✳ ■❧ ❡♥ rés✉❧t❡ ❧❛ ✓ ❜❛r✲
r✐èr❡ ❞✉ ♠ètr❡ ✔✱ é❝❤❡❧❧❡ ❞❡ t❛✐❧❧❡ à ❧❛q✉❡❧❧❡ ❧❡s ♣r♦❝❡ss✉s ❞❡str✉❝t❡✉rs s❡♠❜❧❡♥t ❧✬❡♠♣♦rt❡r ❡t
❡♠♣ê❝❤❡r ❧❛ ♣♦✉rs✉✐t❡ ❞✉ ♣r♦❝❡ss✉s ❞✬❛❝❝rét✐♦♥✳ ❈❡tt❡ ❜❛rr✐èr❡ ❛ été ❧❛r❣❡♠❡♥t ét✉❞✐é❡ ♣♦✉r
❞❡s ❞✐sq✉❡s ♣r♦t♦♣❧❛♥ét❛✐r❡s ❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ ♠❛ss❡s s♦❧❛✐r❡s✱ ❡t ❧❡s ♣r♦❝❡ss✉s ♣r♦♣♦sés ♣♦✉r
❞é♣❛ss❡r ❝❡tt❡ ❜❛rr✐èr❡ s♦♥t ❡♥❝♦r❡ ❡♥ ❞é❜❛t ✭❉♦♠✐♥✐❦ ❛♥❞ ❉✉❧❧❡♠♦♥❞✱ ✷✵✵✽ ❀ ❇r❛✉❡r ❡t ❛❧✳✱
✷✵✵✽ ❀ ❇✐r♥st✐❡❧ ❡t ❛❧✳✱ ✷✵✶✷ ❀ ▲❛✐❜❡ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ❉❡s s✐♠✉❧❛t✐♦♥s ❞❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ♣❧❛♥été✲
s✐♠❛✉① ❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ ♣❧✉s ❢❛✐❜❧❡s ♠❛ss❡s ♣♦✉rr❛✐❡♥t ♣❡r♠❡ttr❡ ❞✬é✈❛❧✉❡r ♥♦tr❡ rés✉❧t❛t✱
q✉✐ ♣ré✈♦✐t ❞❡s ♣❧❛♥étés✐♠❛✉① ❡♥✈✐r♦♥ ❞✐① ❢♦✐s ♣❧✉s ♣❡t✐ts ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼ q✉✬❛✉t♦✉r ❞❡s
ét♦✐❧❡s ❞❡ t②♣❡ s✉♣ér✐❡✉r✳
◆♦tr❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t✱ q✉✐ ♣❡r♠❡t ❞❡ ❝♦♥tr❛✐♥❞r❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♣❤②s✐q✉❡s ❞❡s
❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ❆ ♦✉ ❋●❑✱ ♣❡✉t é❣❛❧❡♠❡♥t ❞♦♥♥❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s
s✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼✳ ❙♦♥ ❛♣♣❧✐❝❛t✐♦♥ s✉r ❧❡s ❞♦♥♥é❡s ❍❡rs❝❤❡❧
✶✶✻
❞✉ ♣r♦❣r❛♠♠❡ ❉❊❇❘■❙✱ ✉♥ r❡❧❡✈é st❛t✐st✐q✉❡♠❡♥t ❜✐❡♥ ❞é✜♥✐ ❞❡ ✶✵✵ ét♦✐❧❡s ❞❡ ❝❤❛q✉❡ t②♣❡
s♣❡❝tr❛❧ ❡♥tr❡ ❆ ❡t ▼✱ ❞❡ ♥♦tr❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t ❛✉ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s✱ ❞❡✈r❛✐t ♣❡r♠❡ttr❡ ❞✬❛♠é❧✐♦r❡r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ♥♦tr❡ ♠♦❞è❧❡✱ ❞❛♥s
❞❡ ♣r♦❝❤❛✐♥❡s ét✉❞❡s✳
✶✶✼

❈❤❛♣✐tr❡ ✼
❈♦♥❝❧✉s✐♦♥
✼✳✶ ❊✛❡ts ❞❡s ♣❛ss❛❣❡s st❡❧❧❛✐r❡s
✼✳✶✳✶ ❆♠❛s ♦✉✈❡rts
◆♦✉s ❛✈♦♥s ét✉❞✐é ❞❛♥s ❝❡tt❡ t❤ès❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❣r❛✈✐t❛t✐♦♥♥❡❧❧❡s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
❛✈❡❝ ❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❛♥s ❧❛ ♣r❡♠✐èr❡ ❝❡♥t❛✐♥❡ ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❡✉r
❡①✐st❡♥❝❡✳ P❡♥❞❛♥t ❝❡tt❡ ♣ér✐♦❞❡✱ ❧✬ét♦✐❧❡✲❤ôt❡ ❡st ❡♥❝♦r❡ ♣❧♦♥❣é❡ ❞❛♥s ❧✬❛♠❛s ♦✉✈❡rt q✉✐ ❧✬❛ ✈✉❡
♥❛îtr❡✳ ▲❛ ❞❡♥s✐té st❡❧❧❛✐r❡ ② ❡st é❧❡✈é❡✱ ❡t ❧❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❡♥tr❡ ét♦✐❧❡s ② s♦♥t ♣r♦❜❛✲
❜❧❡s✳ ◆♦✉s ❛✈♦♥s ❞✬❛❜♦r❞ q✉❛♥t✐✜é ❧❛ ♣✉r❣❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s♦✉♠✐s à ✉♥ ♣❛ss❛❣❡ st❡❧❧❛✐r❡
♣r♦❝❤❡ ❞❡ ♠♦✐♥s ❞❡ ✶✵✵✵ ❯❆✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ♠✐♥✐♠❛❧❡ ❞✬❛♣♣r♦❝❤❡ ❡t ❞✉ r❛♣♣♦rt ❞❡
♠❛ss❡ ❡♥tr❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡ ❡t ❧✬ét♦✐❧❡✲❤ôt❡ ❞✉ ❞✐sq✉❡✳ ▲❛ ♣✉r❣❡ ❡st très ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥t❡
❞❡ ❝❡s ❞❡✉① ♣❛r❛♠ètr❡s✳ ◆♦✉s ❛✈♦♥s t❡sté ❝❡tt❡ ♣✉r❣❡ ♣♦✉r ✉♥ ❞✐sq✉❡ ✓ st❛♥❞❛r❞ ✔✱ ❞♦♥t ❧❡s
r❛②♦♥s ✐♥t❡r♥❡s ❡t ❡①t❡r♥❡s s♦♥t ❞❡ ✹✵ ❡t ❞❡ ✶✵✵ ❯❆✱ ❛✐♥s✐ q✉❡ ♣♦✉r ✉♥ ❞✐sq✉❡ ❝♦♠♣❛❝t✱ ❞♦♥t ❧❡s
r❛②♦♥s ✐♥t❡r♥❡s ❡t ❡①t❡r♥❡s s♦♥t ❞❡ ✶✵ ❡t ✹✵ ❯❆✳ ◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ♣r✐s ❡♥ ❝♦♠♣t❡ ❧✬❡✛❡t
❞❡ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ✐♥✐t✐❛❧❡ ❞✉ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ❛✐♥s✐ q✉❡ s♦♥ ✐♥❝❧✐♥❛✐s♦♥ ♣❛r r❛♣♣♦rt à
❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧✬ét♦✐❧❡ ♣❛ss❛♥t❡✳
❆♣rès ❛✈♦✐r ❝❛❧❝✉❧é ❧❡ ♥♦♠❜r❡ ❞❡ r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ❛✉①q✉❡❧❧❡s s♦♥t s♦✉♠✐s ❧❡s
ét♦✐❧❡s ❥❡✉♥❡s ❞❛♥s ✉♥ ❛♠❛s ♦✉✈❡rt ❡♥ ❡①♣❛♥s✐♦♥✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé✱ ♣♦✉r ❝❤❛q✉❡ t②♣❡ s♣❡❝✲
tr❛❧ ✭❡t ❞♦♥❝ ♣♦✉r ❞✐✛ér❡♥t❡s ♠❛ss❡s st❡❧❧❛✐r❡s✮✱ ❧❡s rés✉❧t❛ts ❞❡ ♥♦s s✐♠✉❧❛t✐♦♥s ♣♦✉r é✈❛❧✉❡r
❧✬❡✣❝❛❝✐té ❞❡ ❝❡s r❡♥❝♦♥tr❡s ❡♥ ♠❛t✐èr❡ ❞❡ ♣✉r❣❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳ ▲❛ ♣✉r❣❡ ❡st ❞✬❛✉t❛♥t
♣❧✉s ♣r♦❜❛❜❧❡✱ ❡t ❡✣❝❛❝❡✱ q✉❡ ❧✬ét♦✐❧❡✲❤ôt❡ ❡st ♣❡✉ ♠❛ss✐✈❡ ❡t q✉❡ ❧❛ ❞❡♥s✐té st❡❧❧❛✐r❡ ❞❡ ❧✬❛♠❛s
❡st ❢♦rt❡✳ ▲❛ ♣✉r❣❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❝♦♠♠❡♥❝❡ à ❞❡✈❡♥✐r s✐❣♥✐✜❝❛t✐✈❡ ❧♦rsq✉❡ ❧❛ ❞❡♥s✐té
st❡❧❧❛✐r❡ ✐♥✐t✐❛❧❡ ❞❡ ❧✬❛♠❛s ❡st s✉♣ér✐❡✉r❡ à ✸ ✵✵✵ ét♦✐❧❡s ♣❛r ♣❛rs❡❝ ❝✉❜❡✱ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥
❞✐sq✉❡ ✓ st❛♥❞❛r❞ ✔✳ ❉❛♥s ✉♥ ❛♠❛s ❞✉ t②♣❡ ❞❡ ❝❡❧✉✐ ❞❡ ❧❛ ♥é❜✉❧❡✉s❡ ❞✬❖r✐♦♥ ✭❞❡ ❞❡♥s✐té ✐♥✐t✐❛❧❡
✷✵ ✵✵✵ ét♦✐❧❡s✳♣❝−3✮✱ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❆ ♣❡r❞❡♥t ❛✉ ♠♦✐♥s ✹✷ ✪ ❞❡ ❧❡✉rs
♣❧❛♥étés✐♠❛✉① ❛✉ ❜♦✉t ❞❡ ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱ t❛♥❞✐s q✉❡ ❝❡✉① ❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼ s♦♥t
q✉❛s✐✲✐♥té❣r❛❧❡♠❡♥t ♣✉r❣és✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡s ❞✐sq✉❡s ❝♦♠♣❛❝t ✭r❛②♦♥ ❡①t❡r♥❡ ❞❡ ✹✵ ❯❆✮ ♥❡
s♦♥t ♣❛s s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♣✉r❣és✱ ♠ê♠❡ ❞❛♥s ❧❡s ❛♠❛s ❧❡s ♣❧✉s ❞❡♥s❡s✳
❉❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❡♥✈✐r♦♥ ❞❡✉① t✐❡rs ❞❡s ét♦✐❧❡s s♦♥t ♥é❡s ❞❛♥s ❞❡s ❛♠❛s très ❞❡♥s❡s✱ s❡❧♦♥ ❧❡
❝❛t❛❧♦❣✉❡ ❞❡ ▲❛❞❛ ❛♥❞ ▲❛❞❛ ✭✷✵✵✸✮✱ ❝❡tt❡ ♣✉r❣❡ ♣ré❝♦❝❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♣❛r ❞❡s ♣❛ss❛❣❡s
st❡❧❧❛✐r❡s ♣r♦❝❤❡s ❡st s✉s❝❡♣t✐❜❧❡ ❞✬❛✛❡❝t❡r ❞❡ ♥♦♠❜r❡✉s❡s ét♦✐❧❡s✳ ❈❡tt❡ ♣✉r❣❡ ❡st ♥❡tt❡♠❡♥t
♣❧✉s ✐♠♣♦rt❛♥t❡ ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ ❢❛✐❜❧❡ ♠❛ss❡✱ ❝❡ q✉✐ ✐♠♣❧✐q✉❡ q✉❡ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s
s♦✐❡♥t st❛t✐st✐q✉❡♠❡♥t ♠♦✐♥s ♣rés❡♥ts✱ ❡t ♠♦✐♥s ♠❛ss✐❢s s✬✐❧s s♦♥t ♣rés❡♥ts✱ ❛✉t♦✉r ❞❡s ét♦✐❧❡s
▼✱ t②♣❡ st❡❧❧❛✐r❡ ❧❡ ♠♦✐♥s ♠❛ss✐❢✳ ❆ ❝♦♥tr❛r✐♦✱ ❧❡s ét♦✐❧❡s ❆✱ ♣❧✉s ♠❛ss✐✈❡s q✉❡ ❧❡s ét♦✐❧❡s ❞❡ t②♣❡
✶✶✾
s♦❧❛✐r❡✱ ❝♦♥s❡r✈❡♥t ♠✐❡✉① ❧❡✉rs ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❀ ❝❡✉①✲❝✐ s♦♥t ❞♦♥❝ ♣❧✉s ❛✐sé♠❡♥t ❞ét❡❝t❛❜❧❡s✳
◆♦tr❡ ♠♦❞è❧❡ r❡❥♦✐♥t ❞♦♥❝ ❧❡s ❞♦♥♥é❡s ♦❜s❡r✈❛t✐♦♥♥❡❧❧❡s ♠♦♥tr❛♥t q✉❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❞ét❡❝t✐♦♥
❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡st ❞✬❛✉t❛♥t ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❧❡ t②♣❡ st❡❧❧❛✐r❡ ❡st t❛r❞✐❢ ✭✈♦✐r ▲❡str❛❞❡ ❡t ❛❧✳
✭✷✵✵✾✮ ❡t ❑r✐✈♦✈ ✭✷✵✶✵✮ ♣♦✉r ❧❡s ❞♦♥♥é❡s ❙♣✐t③❡r✮✳
✼✳✶✳✷ ◆✉❛❣❡s ❞❡ ❖♦rt
◆♦✉s ♥♦✉s s♦♠♠❡s é❣❛❧❡♠❡♥t ✐♥tér❡ssés ❛✉① r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ❞❛♥s ❧❡ ❝❛s ❞❡ ❞❡♥s✐té
❞✉ t②♣❡ ❞❡ ❝❡❧❧❡ ❞✉ ✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡ ✭✵✱✶ ét♦✐❧❡✳♣❝−3✮✳ ◆♦✉s ❛✈♦♥s ❝♦♥st❛té q✉❡ ❧❡s ❡✛❡ts ❞❡
❝❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s s✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ ♠ê♠❡ ét❡♥❞✉s✱ ét❛✐❡♥t ♥é❣❧✐❣❡❛❜❧❡s✱ t❛♥t
❡♥ t❡r♠❡ ❞❡ ♣✉r❣❡ q✉✬❡♥ t❡r♠❡ ❞✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡✳ ➚ ❞é❢❛✉t ❞❡ ♣❡rt✉r❜❡r ❧❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s✱ ❝❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣❡✉✈❡♥t ♥é❛♥♠♦✐♥s ♣❡rt✉r❜❡r ❧❡s ♥✉❛❣❡s ❞❡ ❖♦rt ❡♥t♦✉r❛♥t ❧❡s
ét♦✐❧❡s✳ ◆♦✉s ❛✈♦♥s ❝❤❡r❝❤é à é✈❛❧✉❡r s✐ ❧❡ ✢✉① ❞❡ ❝♦♠èt❡s ✐ss✉ ❞❡ ❝❡s r❡♥❝♦♥tr❡s ✈❡rs ❧❡ ❞✐sq✉❡
❞❡ ❞é❜r✐s ét❛✐t s✉s❝❡♣t✐❜❧❡ ❞❡ r❡♥❢♦r❝❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✱ ❡t ❞♦♥❝ ❧✬♦❜s❡r✈❛❜✐❧✐té✱ ❞❡s
❞✐sq✉❡s ❞❡ ❞é❜r✐s✳
❆♣rès ❛✈♦✐r t❡sté ❧✬✉♥✐✈❡rs❛❧✐té ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ❢♦r♠❛t✐♦♥ ❞❡s ♥✉❛❣❡s ❞❡ ❖♦rt ✭❧✬❡①✐s✲
t❡♥❝❡ ❞❡ ❝❡❧✉✐ ❞✉ ❙②stè♠❡ s♦❧❛✐r❡ ♥♦✉s ❡st ❝♦♥♥✉❡ ✐♥❞✐r❡❝t❡♠❡♥t✱ ❡t ❛✉❝✉♥ ♥✬❛ ♣✉ êtr❡ ❞ét❡❝té
❛✉t♦✉r ❞✬❛✉tr❡s ét♦✐❧❡s✮✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à é✈❛❧✉❡r s✐ ❝❡s ❞❡r♥✐❡rs ét❛✐❡♥t s✉s❝❡♣t✐❜❧❡s ❞✬êtr❡
s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ♣❧✉s ♠❛ss✐❢s ❛✉t♦✉rs ❞✬ét♦✐❧❡s ❞❡ t②♣❡ ♥♦♥ s♦❧❛✐r❡✳ ◆♦s s✐♠✉❧❛t✐♦♥s ❧❛✐ss❡♥t
❡♥t❡♥❞r❡ q✉❡ ♥♦♥✳ ◆♦✉s ❛✈♦♥s ❡♥s✉✐t❡ ❝❛❧❝✉❧é ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ q✉❡ ❝❛✉s❡♥t ❧❡s ♣ré✲
❝✐♣✐t❛t✐♦♥s ❞❡ ❝♦♠èt❡s ♣r♦✈❡♥❛♥t ❞✬✉♥ ♥✉❛❣❡ ❞❡ ❖♦rt s❡♠❜❧❛❜❧❡ ❛✉ ♥ôtr❡ s✉r ✉♥ ❞✐sq✉❡ ❞❡
❞é❜r✐s✱ ❡t ❛✈♦♥s tr♦✉✈é q✉❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ét❛✐t tr♦♣ ❢❛✐❜❧❡ ♣♦✉r r❡♥❢♦r❝❡r ❧✬♦❜✲
s❡r✈❛❜✐❧✐té ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✳ ■♥ ✜♥❡✱ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t st❡❧❧❛✐r❡ ♣❡✉ ❞❡♥s❡✱ t❡❧ q✉❡ ❧❡
✈♦✐s✐♥❛❣❡ s♦❧❛✐r❡✱ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s s❡♠❜❧❡♥t ♥✬êtr❡ q✉❡ ♣❡✉ s❡♥s✐❜❧❡s ❛✉① ♣❛ss❛❣❡s st❡❧❧❛✐r❡s✳
✼✳✷ P✉r❣❡✱ ❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❡t str✉❝t✉r❛t✐♦♥ ❞❡s ❞✐sq✉❡s
❞❡ ❞é❜r✐s ♣❛r ✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ ♦✉ ♣❧❛♥ét❛✐r❡
◆♦✉s ♥♦✉s s♦♠♠❡s é❣❛❧❡♠❡♥t ✐♥tér❡ssés ❛✉① ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡t ❞❡s
❝♦♠♣❛❣♥♦♥s✱ st❡❧❧❛✐r❡s ♦✉ ♣❧❛♥ét❛✐r❡s✱ ♦r❜✐t❛♥t ❞❛♥s ❧❡ s②stè♠❡✳ ❈♦♠♣t❡ t❡♥✉ ❞❡ ❧❛ ❣r❛♥❞❡ ❞✐✲
✈❡rs✐té ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ♦r❜✐t❛❧❡s ♣♦ss✐❜❧❡s✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❝♦♥❝❡♥trés s✉r tr♦✐s ❝❛s ✿ ✉♥❡
♣❧❛♥èt❡ ♦r❜✐t❛♥t à ❧❛ ❧✐s✐èr❡ ✐♥tér✐❡✉r❡ ❞✉ ❞✐sq✉❡✱ ✉♥❡ ♣❧❛♥èt❡ ♦r❜✐t❛♥t s✉r ✉♥❡ ♦r❜✐t❡ ❞❡ t②♣❡
❙❡❞♥❛✱ très ❡①❝❡♥tr✐q✉❡✱ ♠❛✐s tr❛✈❡rs❛♥t ❧❡ ❞✐sq✉❡ ❛✉ ♥✐✈❡❛✉ ❞❡ s♦♥ ♣ér✐❛str❡✱ ❡t ✉♥ s②stè♠❡
❜✐♥❛✐r❡ à ❧♦♥❣✉❡ ♣ér✐♦❞❡✱ ❧❡ ❞✐sq✉❡ ♥✬❡♥t♦✉r❛♥t q✉✬✉♥❡ ❞❡s ❞❡✉① ét♦✐❧❡s✳
✼✳✷✳✶ P✉r❣❡
❉❛♥s ❝❤❛q✉❡ ❝❛s✱ ❧❡ ❞✐sq✉❡ ♣❡✉t êtr❡ ♣❛rt✐❡❧❧❡♠❡♥t ♣✉r❣é✱ ❡t ❧✬❡st ❞✬❛✉t❛♥t ♣❧✉s ❢❛❝✐❧❡♠❡♥t
q✉❡ ❧❛ ♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡ ♦✉ ❧❡ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ ❡st ♠❛ss✐❢✱ ❡t q✉❡ ❧✬ét♦✐❧❡✲❤ôt❡ ❡st ♣❡✉
♠❛ss✐✈❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥ s②stè♠❡ ❜✐♥❛✐r❡ à ❧♦♥❣✉❡ ♣ér✐♦❞❡✱ ❝❡ s♦♥t ❧❡s ré❣✐♦♥s ❡①t❡r♥❡s ❞✉
❞✐sq✉❡ q✉✐ s♦♥t ♣✉r❣é❡s✳ ◆♦✉s ❛✈♦♥s ❝♦♥st❛té ♥✉♠ér✐q✉❡♠❡♥t q✉❡ ❧❛ ❞✐st❛♥❝❡ ❥✉sq✉✬à ❧❛q✉❡❧✲
❧❡ ❧❡ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ét❛✐t ♣✉r❣é ❞é♣❡♥❞❛✐t ❢♦rt❡♠❡♥t ❞✉ ♣ér✐❛str❡ ❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥✳
▲♦rsq✉✬✉♥❡ ♣❧❛♥èt❡ ♦r❜✐t❡ à ❧❛ ❧✐s✐èr❡ ✐♥tér✐❡✉r❡ ❞✬✉♥ ❞✐sq✉❡✱ ❝❡ s♦♥t ❧❡s ré❣✐♦♥s ✐♥t❡r♥❡s ❞✉
❞✐sq✉❡ q✉✐ s♦♥t ♣✉r❣é❡s✱ s✉r ♣❧✉s✐❡✉rs ✉♥✐tés ❛str♦♥♦♠✐q✉❡s✳ ◆é❛♥♠♦✐♥s✱ ❞❛♥s ❝❡ ❞❡r♥✐❡r ❝❛s✱
❞❡s ♣❧❛♥étés✐♠❛✉① ♣✐é❣és ❡♥ rés♦♥❛♥❝❡ ❞❡ ♠♦②❡♥ ♠♦✉✈❡♠❡♥t ❛✈❡❝ ❧❛ ♣❧❛♥èt❡ ♣❡✉✈❡♥t s✉❜s✐st❡r
✶✷✵
❞❛♥s ❝❡s ré❣✐♦♥s ✐♥t❡r♥❡s✱ ♣r♦té❣és ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❛✈❡❝ ❧❛ ♣❧❛♥èt❡✱ très ♣rès ❞❡ ❧✬♦r❜✐t❡
❞❡ ❧❛ ♣❧❛♥èt❡ ✭✈♦✐r❡ ♠ê♠❡ s✉r ❧✬♦r❜✐t❡✱ ❞❛♥s ❧❡ ❝❛s ❞✬❛stér♦ï❞❡s tr♦②❡♥s✮✳ ▲❡s ré❣✐♦♥s ✐♥t❡r♥❡s
❞✉ ❞✐sq✉❡ ♣❡✉✈❡♥t ❞♦♥❝ ❝♦♥s❡r✈❡r ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ré❞✉✐t❡ ❞❡ ♣❧❛♥étés✐♠❛✉①✱ ♠ê♠❡ ♣r♦❝❤❡ ❞❡
❧✬♦r❜✐t❡ ♣❧❛♥ét❛✐r❡✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ♣❧❛♥èt❡ ♦r❜✐t❛♥t à ❧❛ ❧✐s✐èr❡ ❞✉ ❞✐sq✉❡✱ ♥♦✉s ❛✈♦♥s ❝♦♥st❛té q✉❡ ❧✬❡①❝❡♥✲
tr✐❝✐té ❞❡ ❧❛ ♣❧❛♥èt❡ ✐♥✢✉❡ ♣❡✉ s✉r ❧❡ t❛✉① ❞✬é❥❡❝t✐♦♥ ❀ ❝❡❧✉✐✲❝✐ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ ♠❛ss❡ ❞❡ ❧❛
♣❧❛♥èt❡ ♣❡rt✉r❜❛tr✐❝❡ ❡t ❞✐♠✐♥✉❡ q✉❛♥❞ ❧❛ ♠❛ss❡ st❡❧❧❛✐r❡ ❛✉❣♠❡♥t❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ❝❛s
❞✬✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡✱ ❧❛ ♣✉r❣❡ ❡st ♣❧✉s ✐♠♣♦rt❛♥t❡ ❧♦rsq✉❡ ❧✬❡①❝❡♥tr✐❝✐té ❞✉ ❝♦♠♣❛❣♥♦♥
st❡❧❧❛✐r❡ ❡st é❧❡✈é❡ ❡t ❧♦rsq✉❡ s♦♥ ♣ér✐❛str❡ ❡st ♣r♦❝❤❡ ❞✉ ❞✐sq✉❡✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ♣❧❛♥èt❡ s✉r ✉♥❡ ♦r❜✐t❡ très ❡①❝❡♥tr✐q✉❡✱ t❡❧❧❡ q✉❡ ❝❡❧❧❡ ❞❡ ❙❡❞♥❛✱ ❡t tr❛✈❡r✲
s❛♥t ❧❡ ❞✐sq✉❡✱ ♥♦✉s ❛✈♦♥s ❝♦♥st❛té q✉✬✐❧ ❢❛❧❧❛✐t ✉♥❡ ❢♦rt❡ ♠❛ss❡ ♣❧❛♥ét❛✐r❡ ♣♦✉r ♣✉r❣❡r ❧❡ ❞✐sq✉❡
❡♥ ♠♦✐♥s ❞❡ ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✳ ❯♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ ❥♦✈✐❡♥♥❡ ② ♣❛r✈✐❡♥t ❀ ✉♥❡ ♣❧❛♥èt❡
❞✬✉♥❡ ♠❛ss❡ ♥❡♣t✉♥✐❡♥♥❡ ♣❛r✈✐❡♥t à ❞✐s♣❡rs❡r ❧❡s ré❣✐♦♥s ❡①t❡r♥❡s ❞✉ ❞✐sq✉❡ s❡✉❧❡♠❡♥t ❡t à
❡①❝✐t❡r ❞②♥❛♠✐q✉❡♠❡♥t ❧❡s ré❣✐♦♥s ✐♥t❡r♥❡s✱ ❢❛✈♦r✐s❛♥t ❛✐♥s✐ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡✳ ❊♥
❞❡çà ❞❡ ❝❡tt❡ ♠❛ss❡✱ ❧❡ t❛✉① ❞✬é❥❡❝t✐♦♥ ❡st ♥é❣❧✐❣❡❛❜❧❡✳
▲✬✐♥❝❧✐♥❛✐s♦♥ ❞❡ ❧✬♦r❜✐t❡ ❞✉ ❝♦♠♣❛❣♥♦♥ ♣❡rt✉r❜❛t❡✉r ❛ ✉♥❡ ❣r❛♥❞❡ ✐♥✢✉❡♥❝❡ s✉r ❧❛ ♣✉r❣❡
❞✉ ❞✐sq✉❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ ❡①tér✐❡✉r✱ ❧❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ ❡st ♠❛①✐♠❛❧❡
❧♦rsq✉❡ ❧✬❛♥❣❧❡ ❡♥tr❡ ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❡t ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞✉ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ ❡st
♣r♦❝❤❡ ❞❡ ✾✵✝✳ ❊❧❧❡ ❡st ♠✐♥✐♠❛❧❡ ❧♦rsq✉❡ ❧❡s ❞❡✉① ♣❧❛♥s s❡ ❝♦♥❢♦♥❞❡♥t✳ ❯♥ ♠♦✉✈❡♠❡♥t ♣r♦❣r❛❞❡
❞❡ ❧✬ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ r❡♥❢♦r❝❡ é❣❛❧❡♠❡♥t ❧✬❡✣❝❛❝✐té ❞❡ ❧❛ ♣✉r❣❡✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣❧❛♥èt❡ très
❡①❝❡♥tr✐q✉❡✱ ❧✬✐♥❝❧✐♥❛✐s♦♥ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ♣❛r r❛♣♣♦rt ❛✉ ❞✐sq✉❡ ❛✉❣♠❡♥t❡ é❣❛❧❡♠❡♥t
❧❛ ♣✉r❣❡ ❞✉ ❞✐sq✉❡ ❀ ❝❡tt❡ ♣✉r❣❡ ❞é♣❡♥❞ ♥é❛♥♠♦✐♥s ❢♦rt❡♠❡♥t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❛♥❣✉❧❛✐r❡ ❞✉ ♥÷✉❞
❛s❝❡♥❞❛♥t ❡t ❞✉ ♣ér✐❛str❡ ❞❡ ❧❛ ♣❧❛♥èt❡✳
❙✐ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♦♥t ❞✬♦r❡s ❡t ❞é❥à été ❞ét❡❝tés ❞❛♥s ❞❡s s②stè♠❡s ❜✐♥❛✐r❡s ♦✉ ❡①♦✲
♣❧❛♥ét❛✐r❡s✱ ❧❛ ♣rés❡♥❝❡ ❞❛♥s ✉♥ s②stè♠❡ st❡❧❧❛✐r❡ ❞✬✉♥❡ ❛✉tr❡ ét♦✐❧❡ ♦✉ ❞❡ ♣❧❛♥èt❡s ♦r❜✐t❛♥t
♥♦♥ ❧♦✐♥ ❞✉ ❞✐sq✉❡ s❡♠❜❧❡ ❞♦♥❝✱ ✈✐❛ ❝❡ ♠é❝❛♥✐s♠❡ ❞❡ ♣✉r❣❡✱ êtr❡ ✉♥ ♦❜st❛❝❧❡ à ❧❛ ❞ét❡❝t❛✲
❜✐❧✐té ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳ ❊♥ ❡✛❡t✱ ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❛rt✐❡❧❧❡♠❡♥t ♣✉r❣é ♣r♦❞✉✐t ♠♦✐♥s
❞❡ ♣♦✉ss✐èr❡✱ ❞✉ ❢❛✐t ❞✬✉♥❡ ♠♦✐♥❞r❡ ❛❜♦♥❞❛♥❝❡ ❞❡ ♣❧❛♥étés✐♠❛✉①✱ ❝❡s ❞❡r♥✐❡rs ét❛♥t ❧❛ s♦✉r❝❡
❞❡ ❧❛ ♣♦✉ss✐èr❡ ♥♦♥ ♣r✐♠♦r❞✐❛❧❡ ♦❜s❡r✈és ❞❛♥s ❝❡s ❞✐sq✉❡s✳ ❈❡ rés✉❧t❛t ❛ ❞é❥à été ét❛❜❧✐ ♦❜✲
s❡r✈❛t✐♦♥♥❡❧❧❡♠❡♥t ❞❛♥s ❧❡s s②stè♠❡s ❜✐♥❛✐r❡s ♣❛r ❘♦❞r✐❣✉❡③ ❛♥❞ ❩✉❝❦❡r♠❛♥ ✭✷✵✶✷✮✱ q✉✐ ♦♥t
❝♦♥st❛té q✉❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ s②stè♠❡s ❜✐♥❛✐r❡s ❞❡ ❞❡♠✐✲❣r❛♥❞s ❛①❡s ✐♥t❡r♠é❞✐❛✐r❡s ❞❛♥s ❧❡s
ét♦✐❧❡s ❡♥t♦✉ré❡s ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ét❛✐t ♣❧✉s ❢❛✐❜❧❡ q✉❡ ♣❛r♠✐ ❧❡s ét♦✐❧❡s s❛♥s ❞✐sq✉❡ ❞ét❡❝té✳
✼✳✷✳✷ ❙tr✉❝t✉r❛t✐♦♥
❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♥♦s s✐♠✉❧❛t✐♦♥s ✭❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡rt✉r❜é ♣❛r ✉♥ ❝♦♠♣❛❣♥♦♥ ♣❧❛♥ét❛✐r❡
♦✉ st❡❧❧❛✐r❡ s✉r ✉♥❡ ♦r❜✐t❡ st❛❜❧❡✮✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é ❧✬❛♣♣❛r✐t✐♦♥ ❞❡ ❞✐✛ér❡♥t❡s str✉❝t✉r❡s
❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✐♥t❡r❛❣✐ss❛♥t ❛✈❡❝ ❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t✳
❯♥❡ str✉❝t✉r❡ s♣✐r❛❧❡ ♣❡✉t ❛♣♣❛r❛îtr❡ ❞❛♥s ❧❡s ❞✐sq✉❡s ♣❡rt✉r❜és ♣❛r ✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧✲
❧❛✐r❡ ❡①tér✐❡✉r ♦✉ ✉♥❡ ♣❧❛♥èt❡ ✐♥tér✐❡✉r❡✳ ❈❡tt❡ s♣✐r❛❧❡ ❡st ✉♥❡ str✉❝t✉r❡ tr❛♥s✐t♦✐r❡✱ ♠❛✐s ♣❡✉t
❞✉r❡r ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞❡ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱ s❡❧♦♥ ❧❡s ♣❛r❛♠ètr❡s ♦r❜✐t❛✉① ❞✉ ♣❡rt✉r❜❛t❡✉r✳
▲❡ ❝❤❛♣✐tr❡ ✹ ❡①♣❧✐q✉❡ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❝❡s s♣✐r❛❧❡s✱ ❞✉❡s ❛✉ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ❞❡s ♣❧❛✲
♥étés✐♠❛✉①✳
✶✷✶
❈❡ ♠ê♠❡ ♠♦✉✈❡♠❡♥t ❞❡ ♣ré❝❡ss✐♦♥ ♣❡✉t ✓ ❞é❝❛❧❡r ✔ ❧❡ ❝❡♥tr❡ ❣é♦♠étr✐q✉❡ ❞✉ ❞✐sq✉❡ ♣❛r
r❛♣♣♦rt à ❧✬ét♦✐❧❡✳ ◆♦✉s ❛✈♦♥s ❝♦♥st❛té q✉❡ ❝❡ ❞é❝❛❧❛❣❡ ❡st ❧é❣❡r ✭q✉❡❧q✉❡s ❯❆✮ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥
❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ ❡①tér✐❡✉r ♦✉ ❞✬✉♥❡ ♣❧❛♥èt❡ ❡♥ ❧✐s✐èr❡ ❞✉ ❞✐sq✉❡ ❀ ✐❧ ❡st ❞✬❛✉t❛♥t ♣❧✉s ✐♠♣♦r✲
t❛♥t q✉❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧✬❛str❡ ♣❡rt✉r❜❛t❡✉r ❡st é❧❡✈é❡ ❡t q✉❡ ❝❡❧✉✐✲❝✐ s✬❛♣♣r♦❝❤❡ ❞✉ ❞✐sq✉❡✳ ❈❡
❞é❝❛❧❛❣❡ ❡st ♥é❛♥♠♦✐♥s ♥❡tt❡♠❡♥t ♣❧✉s ♠❛rq✉é ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♣❧❛♥èt❡ ❡①❝❡♥tr✐q✉❡ tr❛✈❡rs❛♥t
❧❡ ❞✐sq✉❡✱ ❡t ❝❡ ♠ê♠❡ ♣♦✉r ✉♥❡ ♣❧❛♥èt❡ ❞✬✉♥❡ ♠❛ss❡ t❡rr❡str❡✳
▲❛ str✉❝t✉r❛t✐♦♥ ❞✉ ❞✐sq✉❡ ❛♣♣❛r❛ît ♥❡tt❡♠❡♥t ♣❧✉s ✐♠♣♦rt❛♥t❡ s✐ ❧✬♦r❜✐t❡ ❞❡ ❧✬❛str❡ ♣❡rt✉r✲
❜❛t❡✉r ❡st ✐♥❝❧✐♥é❡ ♣❛r r❛♣♣♦rt ❛✉ ❞✐sq✉❡✳ ❆✐♥s✐✱ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ét♦✐❧❡ ❝♦♠♣❛❣♥♦♥ ✐♥❝❧✐♥é❡✱ ❧❡
❞✐sq✉❡ é✈♦❧✉❡ ❡♥ ❤❛❧♦✱ ❛❧✐❣♥❛♥t s♦♥ ♣❧❛♥ ♠é❞✐❛♥ s✉r ❝❡❧✉✐ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧✬ét♦✐❧❡ ✿ ❧❡s ♣❧❛♥étés✐✲
♠❛✉① s❡ ré♣❛rt✐ss❡♥t ❛❧♦rs ❡♥tr❡ ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ✐♥✐t✐❛❧ ❞✉ ❞✐sq✉❡ ❡t s♦♥ s②♠étr✐q✉❡ ♣❛r r❛♣♣♦rt
❛✉ ♣❧❛♥ ♦r❜✐t❛❧ ❞❡ ❧✬ét♦✐❧❡✳
P❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ q✉✐ tr❛✈❡rs❡ ❧❡ ❞✐sq✉❡ ❡t ❞♦♥t ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❡st ✐♥❝❧✐♥é ♣❛r r❛♣✲
♣♦rt à ❝❡❧✉✐ ❞✉ ❞✐sq✉❡✱ ❧❡ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ ❜❛s❝✉❧❡✱ ♠❛✐s s❛♥s ❝ré❛t✐♦♥ ❞✬✉♥ ❤❛❧♦✳ ▲❛
❞✐r❡❝t✐♦♥ ✈❡rs ❧❛q✉❡❧❧❡ ❧❡ ❞✐sq✉❡ ✓ ♣❡♥❝❤❡ ✔ ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡s é❧é♠❡♥ts ♦r❜✐t❛✉① ❛♥❣✉❧❛✐r❡s✱
❝✬❡st✲à✲❞✐r❡ ❞❡ ❧✬♦r✐❡♥t❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ✭❧✐❣♥❡ ❞❡s ♥÷✉❞s ❡t ❧✐❣♥❡s ❞❡s
❛♣s✐❞❡s✮✳ ❈❡t ❡✛❡t ❛ été ♦❜s❡r✈é ❛✉t♦✉r ❞❡ β P✐❝t♦r✐s ✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ▲❛❣r❛♥❣❡ ❡t ❛❧✳✱ ✷✵✶✷✮✳
▲♦rsq✉❡ ❧❛ ♣❧❛♥èt❡ tr❛✈❡rs❡ ❧❡ ❞✐sq✉❡ s❛♥s ❧❡ ❞✐s♣❡rs❡r ❛✈❡❝ ✉♥❡ ✐♥❝❧✐♥❛✐s♦♥ ♥♦♥ ♥✉❧❧❡ ♣❛r
r❛♣♣♦rt ❛✉ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✱ ♥♦✉s ❛✈♦♥s ♦❜s❡r✈é ✉♥ ♣❤é♥♦♠è♥❡ ❞❡ ❞é❞♦✉❜❧❡♠❡♥t ❞✉
❞✐sq✉❡ ✭✈♦✐r ✜❣✉r❡s ✺✳✷✸ ❡t ✺✳✷✹✮✳ ▲❛ sé♣❛r❛t✐♦♥ ❞✉ ❞✐sq✉❡ ❡♥ ❞❡✉① s❡ ❢❛✐t à ❧❛ ❞✐st❛♥❝❡ à ❧✬ét♦✐❧❡
à ❧❛q✉❡❧❧❡ ❧❛ ♣❧❛♥èt❡ tr❛✈❡rs❡ ❧❡ ❞✐sq✉❡✳ ▲❡ ❜❛s❝✉❧❡♠❡♥t ❡t ❧❡ ❞é❝❛❧❛❣❡ ❞✉ ❝❡♥tr❡ ❣é♦♠étr✐q✉❡
❞✉ ❞✐sq✉❡ s❡ ❢♦♥t ❛❧♦rs ❞❛♥s ❞❡s ❞✐r❡❝t✐♦♥s ❞✐✛ér❡♥t❡s ♣♦✉r ❝❤❛❝✉♥❡ ❞❡s ❞❡✉① ♣❛rt✐❡s ❞✉ ❞✐sq✉❡✳
◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ♦❜s❡r✈é ❝❡ ♣❤é♥♦♠è♥❡ ❧♦rsq✉❡ ❧❡ ♣❧❛♥ ♦r❜✐t❛❧ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡t ❧❡ ♣❧❛♥
♠é❞✐❛♥ ❞✉ ❞✐sq✉❡ s♦♥t ❝♦♥❢♦♥❞✉s ✿ ✐❧ ❢❛✐t ❛❧♦rs ❛♣♣❛r❛îtr❡ ✉♥ s✐❧❧♦♥ ❞❛♥s ❧❡ ❞✐sq✉❡✱ ❞❡ ♣❛rt ❡t
❞✬❛✉tr❡ ❞✉ ♣ér✐❛str❡ ♣❧❛♥ét❛✐r❡ ✭✈♦✐r ✜❣✉r❡ ✺✳✶✽✮✳
▲❡s str✉❝t✉r❡s q✉❡ ♥♦✉s ❛✈♦♥s ✐❞❡♥t✐✜é❡s ❞❛♥s ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞❡ ♥♦s s✐♠✉❧❛t✐♦♥s ♥❡
♣❡✉✈❡♥t ♣❛s êtr❡ ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❞❡s s✐❣♥❛t✉r❡s ✉♥✐✈♦q✉❡s ❞❡s ♣❡rt✉r❜❛t✐♦♥s ❣r❛✈✐t❛t✐♦♥✲
♥❡❧❧❡s q✉❡ ❧❡ ❞✐sq✉❡ s✉❜✐t✳ P❧✉s✐❡✉rs str✉❝t✉r❡s ✐❞❡♥t✐✜é❡s ♣❡✉✈❡♥t êtr❡ ❝réé❡s ♣❛r ❞❡s ♣❧❛♥èt❡s
❛✉ss✐ ❜✐❡♥ q✉❡ ♣❛r ❞❡s ❝♦♠♣❛❣♥♦♥s st❡❧❧❛✐r❡s✱ ❡t ❧❡✉r ✐♥t❡♥s✐té ♣❡✉t ❞é♣❡♥❞r❡ ❞❡ ♣❧✉s✐❡✉rs ❞❡s
é❧é♠❡♥ts ♦r❜✐t❛✉① ❞✉ ♣❡rt✉r❜❛t❡✉r ❛✐♥s✐ q✉❡ ❞❡ s❛ ♠❛ss❡✳
▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ ♣♦ss✐❜❧❡ ♣rés❡♥❝❡ ❞❡ ♣❧✉s✐❡✉rs ♣❡rt✉r❜❛t❡✉rs✱ ❛✐♥s✐ q✉❡ ❧❡✉rs ♣❡r✲
t✉r❜❛t✐♦♥s ♠✉t✉❡❧❧❡s✱ ♣❡r♠❡ttr❛ ❞✬❛✣♥❡r ❝❡s rés✉❧t❛ts✳ ❉❡ ♠ê♠❡✱ ❧❛ ♠✐❣r❛t✐♦♥ ❞❡s ♣❧❛♥èt❡s
♣❡✉t ❛✈♦✐r ❞✬✐♠♣♦rt❛♥ts ❡✛❡ts s✉r ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ✭♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❛ ❢♦r♠❛t✐♦♥ ❞❡s
✓ ❝❧✉♠♣s ✔ ♦❜s❡r✈és ❞❛♥s ❝❡rt❛✐♥s ❞✐sq✉❡s ✭❲②❛tt✱ ✷✵✵✸ ❀ ❑r✐✈♦✈ ❡t ❛❧✳✱ ✷✵✵✼✮✮✳ ❚♦✉s ❝❡s ❡✛❡ts
❞♦✐✈❡♥t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡ ♣♦✉r ❡①♣❧✐q✉❡r ❧❛ str✉❝t✉r❛t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✳
✼✳✷✳✸ ❊①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡
▲❡s s✐♠✉❧❛t✐♦♥s q✉❡ ♥♦✉s ❛✈♦♥s ❡✛❡❝t✉é❡s ♥♦✉s ♦♥t é❣❛❧❡♠❡♥t ♣❡r♠✐s ❞❡ q✉❛♥t✐✜❡r ❧✬❡①❝✐✲
t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡rt✉r❜é ♣❛r ✉♥ ❝♦♠♣❛❣♥♦♥ ♣❧❛♥ét❛✐r❡ ♦✉ st❡❧❧❛✐r❡ à
❧♦♥❣✉❡ ♣ér✐♦❞❡✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ à ❧♦♥❣✉❡ ♣ér✐♦❞❡✱ ❧❡ ❞✐sq✉❡ ❡st ❞②♥❛♠✐q✉❡♠❡♥t ❞✬❛✉✲
✶✷✷
t❛♥t ♣❧✉s ❡①❝✐té q✉❡ s♦♥ ♣ér✐❛str❡ ❡st ♣r♦❝❤❡ ❞✉ ❞✐sq✉❡ ❡t q✉❡ s♦♥ ❡①❝❡♥tr✐❝✐té ♦r❜✐t❛❧❡ ❡st
❣r❛♥❞❡✳ ❉❡s ❡①❝❡♥tr✐❝✐tés ♠♦②❡♥♥❡s ❞❡ ❧✬♦r❞r❡ ❞❡ 10−1 ♣❡✉✈❡♥t êtr❡ ❛tt❡✐♥t❡s ♣♦✉r ✉♥ ♣ér✐❛str❡
à ✷✵✵ ❯❆ ❞❡ ❧✬ét♦✐❧❡✱ s♦✐t✱ ❞❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✱ ❞❡✉① ❢♦✐s ❧❡ r❛②♦♥ ❡①tér✐❡✉r ❞✉ ❞✐sq✉❡✳ P♦✉r ✉♥
♣ér✐❛str❡ q✉✐♥③❡ ❢♦✐s ♣❧✉s é❧♦✐❣♥é✱ ♥♦✉s ♦❜s❡r✈♦♥s ❞❡s ❡①❝❡♥tr✐❝✐tés ♠♦②❡♥♥❡s ❞❡ ❧✬♦r❞r❡ ❞❡ 10−2✳
◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ♣✉ q✉❛♥t✐✜❡r ❧✬❡✛❡t ❞❡ ❧✬✐♥❝❧✐♥❛✐s♦♥ ❞✉ ♣❧❛♥ ♦r❜✐t❛❧ ❞✉ ❝♦♠♣❛❣♥♦♥
st❡❧❧❛✐r❡ ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥ ♠é❞✐❛♥ ✐♥✐t✐❛❧ ❞✉ ❞✐sq✉❡✳ ▲✬❡①❝❡♥tr✐❝✐té ❞❡s ♣❧❛♥étés✐♠❛✉① ❡st
♣❧✉s ✐♠♣♦rt❛♥t❡ ❧♦rsq✉❡ ❧❡ ♠♦✉✈❡♠❡♥t ❞✉ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ ❡st rétr♦❣r❛❞❡ ♣❛r r❛♣♣♦rt à
❝❡❧✉✐ ❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❡t ❝❡ ❛❧♦rs q✉❡ ❧❛ ♣✉r❣❡ ❡st ♠♦✐♥s ✐♠♣♦rt❛♥t❡ ❞❛♥s ❝❡ ❝❛s✳ ❉✬❛♣rès ♥♦s
s✐♠✉❧❛t✐♦♥s✱ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ♠♦✉✈❡♠❡♥t ♣r♦❣r❛❞❡✱ ✉♥❡ ❢♦rt❡ ✐♥❝❧✐♥❛✐s♦♥ ❞✐♠✐♥✉❡ ❧✬❡①❝✐t❛t✐♦♥
❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ ❀ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ♠♦✉✈❡♠❡♥t rétr♦❣r❛❞❡✱ ❝✬❡st ❧✬✐♥✈❡rs❡✳
❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ♣❧❛♥èt❡ ♦r❜✐t❛♥t à ❧❛ ❧✐s✐èr❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s✱ ♥♦✉s ❛✈♦♥s ❝♦♥st❛té
q✉❡ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ❞✐sq✉❡ ❞é♣❡♥❞❛✐t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ ♣❧❛♥èt❡
♣❡rt✉r❜❛tr✐❝❡✱ ❡t ♥❡ ❞é♣❡♥❞❛✐t q✉❛s✐♠❡♥t ♣❛s ❞❡ s❛ ♠❛ss❡ ♦✉ ❞❡ ❝❡❧❧❡ ❞❡ ❧✬ét♦✐❧❡ ❝❡♥tr❛❧❡✳
▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❝❡❧❧❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❀ ❧✬é❝❛rt✲
t②♣❡ ❞❡ ❧❡✉rs ❡①❝❡♥tr✐❝✐tés ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧✬❡①❝❡♥tr✐❝✐té ❞❡ ❧❛ ♣❧❛♥èt❡ ♠❛✐s ❛✉ss✐ s❛ ♠❛ss❡✳ ❯♥❡
♣❧❛♥èt❡ ❛②❛♥t ✉♥❡ ❡①❝❡♥tr✐❝✐té ♦r❜✐t❛❧❡ ❞❡ ✵✱✶ ♣r♦❞✉✐t ❞❛♥s ❧❡ ❞✐sq✉❡ ✉♥❡ ❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡
❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✳
❯♥❡ ♣❧❛♥èt❡ s✉r ✉♥❡ ♦r❜✐t❡ ❡①❝❡♥tr✐q✉❡ ❡t tr❛✈❡rs❛♥t ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡✉t ❧✬❡①❝✐t❡r ❞②✲
♥❛♠✐q✉❡♠❡♥t ♠ê♠❡ ❛✈❡❝ ✉♥❡ très ❢❛✐❜❧❡ ♠❛ss❡✳ ▲✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉
❞✐sq✉❡✱ ❛♣rès ✶✵✵ ♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s✱ ❛tt❡✐♥t 10−3 ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ♠❛ss❡ ❧✉♥❛✐r❡✱ ✉♥ ♣❡✉ ♣❧✉s
❞❡ 10−2 ♣♦✉r ✉♥❡ ♠❛ss❡ ♠❛rt✐❡♥♥❡ ❡t ✉♥ ♣❡✉ ♠♦✐♥s ❞❡ 10−1 ♣♦✉r ✉♥❡ ♠❛ss❡ t❡rr❡str❡✳ ❯♥❡
♣❧❛♥èt❡ t❡❧❧✉r✐q✉❡ ❞♦♥t ❧✬♦r❜✐t❡ tr❛✈❡rs❡ ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡✉t ❞♦♥❝ ❧✬❡①❝✐t❡r ❞②♥❛♠✐q✉❡♠❡♥t
s❛♥s ❧❡ ❞✐s♣❡rs❡r✱ ❡t ❞♦♥❝ ❢❛✈♦r✐s❡r s♦♥ ♦❜s❡r✈❛❜✐❧✐té✳ ❙✐ ❧✬♦r❜✐t❡ ❞❡ ❧❛ ♣❧❛♥èt❡ ❡st ✐♥❝❧✐♥é❡ ♣❛r
r❛♣♣♦rt ❛✉ ♣❧❛♥ ♠é❞✐❛♥ ❞✉ ❞✐sq✉❡✱ ❧✬❡①❝✐t❛t✐♦♥ ❡st ❢❛✈♦r✐sé❡✳
❯♥❡ ❝❡rt❛✐♥❡ ❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r q✉❡ ❧❡s ♦r❜✐t❡s
❞❡s ♣❧❛♥étés✐♠❛✉① s❡ ❝r♦✐s❡♥t✱ ❡t q✉❡ ❧❡s ♣❧❛♥étés✐♠❛✉① s❡ r❡♥❝♦♥tr❡♥t à ❞❡s ✈✐t❡ss❡s r❡❧❛t✐✈❡s
s✉✣s❛♥t❡s ♣♦✉r q✉❡ ❧❡s ❝♦❧❧✐s✐♦♥s ❡♥tr❡ ❡✉① s♦✐❡♥t ❞❡str✉❝tr✐❝❡s✳ ❯♥❡ ❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡
10−3 à 10−2 ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r q✉✬✉♥❡ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ s✬❡♥❝❧❡♥❝❤❡ ❞❛♥s ✉♥ ❞✐sq✉❡ ✭❙t❡r♥✱
✶✾✾✻ ❀ ❲②❛tt✱ ✷✵✵✽ ❀ ▼✉st✐❧❧ ❛♥❞ ❲②❛tt✱ ✷✵✵✾✮✳ ▲❛ ♣rés❡♥❝❡ ❞✬✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡✱ ♦✉ ❞✬✉♥❡
♣❧❛♥èt❡ ♣❡✉t ❞♦♥❝ s✉✣r❡ à ❡♥❝❧❡♥❝❤❡r ❧❛ ❝❛s❝❛❞❡✱ ❡t à r❡♥❞r❡ ❧❡ ❞✐sq✉❡ ❞ét❡❝t❛❜❧❡ s✐ ❧❛ ♠❛ss❡
❞❡ ♣♦✉ss✐èr❡ ❛tt❡✐♥t ❡♥✈✐r♦♥ ✉♥❡ ♠❛ss❡ ❧✉♥❛✐r❡✳ ❯♥❡ ♣❧❛♥èt❡ ♣r♦❝❤❡ ❞✉ ❞✐sq✉❡ ❡t ❢❛✐❜❧❡♠❡♥t
❡①❝❡♥tr✐q✉❡✱ ✉♥❡ ♣❧❛♥èt❡ ❢❛✐❜❧❡♠❡♥t ♠❛ss✐✈❡ tr❛✈❡rs❛♥t ✉♥ ❞✐sq✉❡ ♦✉ ✉♥ ❝♦♠♣❛❣♥♦♥ st❡❧❧❛✐r❡ à
q✉❡❧q✉❡s ♠✐❧❧✐❡rs ❞✬❯❆ s❡♠❜❧❡♥t ❞♦♥❝ s✉✣r❡ à ❛ss✉r❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣♦✉ss✐èr❡ ❞✬✉♥❡ ❞✐sq✉❡
❞❡ ❞é❜r✐s✳
❊♥ r❡✈❛♥❝❤❡✱ ✉♥❡ ❢♦✐s ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ❡♥❝❧❡♥❝❤é❡✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡①❝❡♥tr✐❝✐tés
❞❛♥s ✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s s❡♠❜❧❡ ♥✬❛✈♦✐r q✉❡ ♣❡✉ ❞✬✐♥✢✉❡♥❝❡ s✉r ❧❛ q✉❛♥t✐té ❞❡ ♣♦✉ss✐èr❡ ♣r♦✲
❞✉✐t❡✱ ❡t ❞♦♥❝ s✉r ❧✬♦❜s❡r✈❛❜✐❧✐té ❞✉ ❞✐sq✉❡✱ ❝♦♠♠❡ ❥❡ ❧✬❛✐ ✐♥❞✐q✉é à ❧❛ s❡❝t✐♦♥ ✻✳✶✳ ▲❡ rô❧❡ ❞❡
❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s s❡♠❜❧❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t êtr❡ ❞❡
❞é❝❧❡♥❝❤❡r ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡✳ ❈❡❧❛ r❡❥♦✐♥t ❧❡ ❝♦♥st❛t ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮ ❡t ❞❡ ▲ö❤♥❡
❡t ❛❧✳ ✭✷✵✵✽✮✱ q✉✐ ♦♥t ❝♦♥st❛té q✉❡ ❧❛ ✈❛❧❡✉r ❞❡ ❧✬❡①❝❡♥tr✐❝✐té ♠♦②❡♥♥❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥
❞✐sq✉❡ ❞❡ ❞é❜r✐s ♥❡ ❢❛✐s❛✐t ♣❛s ✈❛r✐❡r s❛ ❧✉♠✐♥♦s✐té ❢r❛❝t✐♦♥♥❛✐r❡ ❞❡ ♣❧✉s ❞✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✳
✶✷✸
✼✳✸ ❉✐sq✉❡s ❞❡ ❞é❜r✐s ❡t ét♦✐❧❡s ❞❡ t②♣❡ ▼
✼✳✸✳✶ ❆❥✉st❡♠❡♥t s✉r ❧❡s ❞♦♥♥é❡s ❙♣✐t③❡r
◆♦✉s ❛✈♦♥s ❞é✈❡❧♦♣♣é ✉♥❡ ♥♦✉✈❡❧❧❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t✱ ❛✜♥ ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ♣❛r❛✲
♠ètr❡s ♣❤②s✐q✉❡s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ❞❡ r❡❧❡✈és ❞❡ té❧❡s❝♦♣❡s s♣❛t✐❛✉①✳
◆♦✉s ❛✈♦♥s ♣♦✉r ❝❡❧❛ ❛❞♦♣té ❧❡ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❛✮ ❡t ②
❛✈♦♥s ❛♣♣♦rté q✉❡❧q✉❡s r❛✣♥❡♠❡♥ts✳ ➚ ♣❛rt✐r ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❣é♥érés
♥✉♠ér✐q✉❡♠❡♥t✱ ❝❡tt❡ ♣r♦❝é❞✉r❡ ❝❛❧❝✉❧❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡✱ q✉✐ ❛ ♣✉
êtr❡ ❛❥✉sté❡ s✉r ❧❡s ❞✐sq✉❡s ❞ét❡❝tés ❞❡s r❡❧❡✈és ❙♣✐t③❡r ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮ ♣♦✉r ❧❡s ét♦✐❧❡s ❆ ❡t
❞❡ ❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮ ♣♦✉r ❧❡s ét♦✐❧❡s ❞❡ t②♣❡ s♦❧❛✐r❡✳ ▲❡s q✉❛tr❡ ♣❛r❛♠ètr❡s ❛❥✉stés ét❛✐❡♥t
dc✱ ❧❡ ❞✐❛♠ètr❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ♣❛r❡♥ts✱ Mmid✱ ❧❡ ❝❡♥tr❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡s
♠❛ss❡s ✐♥✐t✐❛❧❡s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ r1 ❡t r2✱ ❧❡s ❜♦r♥❡s ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡
❞❡s r❛②♦♥s ♠♦②❡♥s ❞❡s ❞✐sq✉❡s✳
◆♦✉s ❡♥ ❛✈♦♥s ❞é❞✉✐t ❧❡s ✐♥t❡r✈❛❧❧❡s ❞❡ ✈❛❧❡✉rs ❞❡ ❝❡s q✉❛tr❡s ♣❛r❛♠ètr❡s ❝♦♠♣❛t✐❜❧❡s ❛✈❡❝
❧❡s ❞♦♥♥é❡s ❙♣✐t③❡r✳ ❈❡s ✐♥t❡r✈❛❧❧❡s s♦♥t ❧❛r❣❡s✱ ❞✉ ❢❛✐t ❞✉ ♣❡t✐ts ♥♦♠❜r❡ ❞❡ ❞✐sq✉❡s ❞ét❡❝tés
✉t✐❧✐sés ❞❡ ❝❤❛q✉❡ r❡❧❡✈é✳ ▲❡s ✐♥t❡r✈❛❧❧❡s tr♦✉✈és ♣♦✉r ❧❡s ét♦✐❧❡s ❆ ❡t ❋●❑ s❡ s✉♣❡r♣♦s❡♥t✱ ❝❡
q✉✐ ❧❛✐ss❡ s✉♣♣♦s❡r q✉❡ ❧❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡ t♦✉t❡s ❝❡s ét♦✐❧❡s ♦♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s
❝♦♠♠✉♥❡s✳ ❈❡s rés✉❧t❛ts s♦♥t ❝♦❤ér❡♥ts ❛✈❡❝ ❧❡s ✈❛❧❡✉rs ♦❜t❡♥✉❡s ♣❛r ❲②❛tt ❡t ❛❧✳ ✭✷✵✵✼❜✮ ❡t
❑❛✐♥s ❡t ❛❧✳ ✭✷✵✶✶✮✱ q✉✐ ♦♥t ✉t✐❧✐sé ✉♥❡ ❛✉tr❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t✳
◆♦✉s ❛✈♦♥s tr♦✉✈é ✉♥❡ ✈❛❧❡✉r ♠✐♥✐♠❛❧❡ ❞❡ ✵✱✽ ▼⊕ ♣♦✉r Mmid ❀ ❧❡ ❞✐❛♠ètr❡ dc ❞❡s ♣❧❛♥été✲
s✐♠❛✉① à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡ ❡st ❝♦♠♣r✐s ❡♥tr❡ ✷ ❡t ✻✵ ❦♠✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡
t❛✐❧❧❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ♠♦♥tr❡ ✉♥❡ ❝❛ss✉r❡ à ✸✵ ❦♠✱ ✈❛❧❡✉r ❝♦♠♣❛t✐✲
❜❧❡ ❛✈❡❝ ♥♦tr❡ ét✉❞❡✱ ❝❡ q✉✐ ❝♦♥✜r♠❡ ❧❛ s✐♠✐❧✐t✉❞❡ ❡♥tr❡ ❧❛ ❝❡✐♥t✉r❡ ❞❡ ❑✉✐♣❡r ❡t ❧❡s ❞✐sq✉❡s ❞❡
❞é❜r✐s ❞ét❡❝tés ❛✉t♦✉r ❞✬❛✉tr❡s ét♦✐❧❡s✳ ▲❡s ❧✐♠✐t❡s r1 ❡t r2 ❞❡ ❧❛ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✉t✐❧✐sé❡ ♣♦✉r
❣é♥ér❡r ❧❡s r❛②♦♥s ♠♦②❡♥s ❞❡ ❞✐sq✉❡s s♦♥t ♠❛❧ ❝♦♥tr❛✐♥ts ♣❛r ♥♦s rés✉❧t❛ts✱ s❛✉❢ r1 ❞❛♥s ❧❡ ❝❛s
❞❡s ét♦✐❧❡s ❆✱ q✉✐ ❡st ✐♥❢ér✐❡✉r à ✷✵ ❯❆✳
❈❡s rés✉❧t❛ts s♦♥t ❣r❛♥❞❡♠❡♥t ✐♥❞é♣❡♥❞❛♥ts ❞❡ ❧✬❡①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ❞✐sq✉❡s✱ ❞❡ ❧❛
❧❛r❣❡✉r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❧♦❣♥♦r♠❛❧❡ ❞❡s ♠❛ss❡s ✐♥✐t✐❛❧❡s ❞❡s ❞✐sq✉❡s ❡t ❞❡ ❧✬❡①♣♦s❛♥t ❞❡ ❧❛
❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s r❛②♦♥s ❞❡s ❞✐sq✉❡s✳ ▲❛ ❧❛r❣❡✉r ❞❡s ❞✐sq✉❡s s✐♠✉❧és ❛
♥é❛♥♠♦✐♥s ✉♥ ✐♠♣❛❝t ♥♦t❛❜❧❡✱ ♠❡♥❛♥t à ❞❡s ✈❛❧❡✉rs ✉♥ ♣❡✉ ♣❧✉s ❣r❛♥❞❡ ❞❡ dc ✭❛✉❣♠❡♥t❛t✐♦♥
❞✬✉♥ ❢❛❝t❡✉r ❞❡✉① ♦✉ tr♦✐s✮ ❡t ❞❡ Mmid✱ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ❞✐sq✉❡ étr♦✐t ✭❧❛r❣❡✉r ❞✬✉♥ ❞✐①✐è♠❡
❞✉ r❛②♦♥ ♠♦②❡♥✱ ❝♦♥tr❡ ❧❛ ♠♦✐t✐é ♣♦✉r ❧❡ ❞✐sq✉❡ ❧❛r❣❡✮✳
➚ ❧✬❛✈❡♥✐r✱ ❝❡tt❡ ♣r♦❝é❞✉r❡ ♣♦✉rr❛ êtr❡ ✉t✐❧✐sé❡ ♣♦✉r ❛♣♣❧✐q✉❡r ❧❡ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥ ❝♦❧❧✐✲
s✐♦♥♥❡❧❧❡ ❞❡s ❞✐sq✉❡s ❛✉① ré❝❡♥t❡s ❞♦♥♥é❡s ❞❡s r❡❧❡✈és ❞✉ té❧❡s❝♦♣❡ s♣❛t✐❛❧ ❍❡rs❝❤❡❧✳ ▲✬✉t✐❧✐s❛✲
t✐♦♥ ❞✬é❝❤❛♥t✐❧❧♦♥s ♣❧✉s ❢♦✉r♥✐s ❡t ♠✐❡✉① ❞é✜♥✐s st❛t✐st✐q✉❡♠❡♥t ❞❡✈r❛✐t ♣❡r♠❡ttr❡ ❞✬❛✣♥❡r ♥♦s
rés✉❧t❛ts ❡♥ ♣♦✉r✈♦②❛♥t ❞❡s ✐♥t❡r✈❛❧❧❡s ❞❡ ✈❛❧❡✉rs ♣❧✉s ♣ré❝✐s ♣♦✉r ❧❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡✱
❡t ❛✐♥s✐ ❞✬❛♠é❧✐♦r❡r ♥♦s ❝♦♥♥❛✐ss❛♥❝❡s s✉r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s✱ s❡❧♦♥ ❧❡
t②♣❡ s♣❡❝tr❛❧ ❞❡s ét♦✐❧❡s✲❤ôt❡s✳
✼✳✸✳✷ ❉é✜❝✐t ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼
◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ✉t✐❧✐sé ❝❡tt❡ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t s✉r ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ♣♦✲
t❡♥t✐❡❧s ❛✉t♦✉r ❞✬ét♦✐❧❡s ❞❡ t②♣❡ ▼✳ ▲❡s r❡❧❡✈és ♦♣érés ❞❛♥s ❧✬✐♥❢r❛r♦✉❣❡ ❧♦✐♥t❛✐♥ ♣❛r ●❛✉t✐❡r
❡t ❛❧✳ ✭✷✵✵✼✮ ❡t ❞❛♥s ❧❡ s✉❜♠✐❧❧✐♠étr✐q✉❡ ♣❛r ▲❡str❛❞❡ ❡t ❛❧✳ ✭✷✵✵✻✱ ✷✵✵✾✮ ♦♥t ♠♦♥tré ✉♥ t❛✉①
✶✷✹
❞❡ ❞ét❡❝t✐♦♥ ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s très ❢❛✐❜❧❡ ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s t②♣❡s st❡❧❧❛✐r❡s✳ P❧✉s✐❡✉rs
❤②♣♦t❤ès❡s ♦♥t été é♠✐s❡s ❛✜♥ ❞✬❡①♣❧✐q✉❡r ❝❡ ❢❛✐t ❞✬♦❜s❡r✈❛t✐♦♥ ✿ ❜✐❛✐s ♦❜s❡r✈❛t✐♦♥♥❡❧✱ ❡✛❡t ❞❡s
❢♦rts ✈❡♥ts st❡❧❧❛✐r❡s✱ ♥♦t❛♠♠❡♥t✳
❆✜♥ ❞❡ ❞ét❡r♠✐♥❡r s✐ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ét❛✐❡♥t ❧❡s ♠ê♠❡s ❛✉t♦✉r
❞❡s ét♦✐❧❡s ▼ ❡t ❛✉t♦✉r ❞❡s ❛✉tr❡s✱ ♥♦✉s ❛✈♦♥s ♠♦❞é❧✐sé ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s
❛✉t♦✉r ❞❡s ét♦✐❧❡s ▼ ❞✉ r❡❧❡✈é ❞❡ ●❛✉t✐❡r ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ♠ê♠❡ ♠♦❞è❧❡ ❞✬é✈♦❧✉t✐♦♥
❝♦❧❧✐s✐♦♥♥❡❧❧❡ ❞❡s ❞✐sq✉❡s ❡t ❧❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s Mmid✱ dc✱ r1 ❡t r2 ❞ét❡r♠✐♥és ♣♦✉r ❧❡s
ét♦✐❧❡s ❆ ❡t ❋●❑✳ ◆♦✉s ❛✈♦♥s tr♦✉✈é q✉❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡s ❞✐sq✉❡s ❞ét❡❝t❛❜❧❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s
▼ ♥❡ ❞❡✈r❛✐t ♣❛s êtr❡ q✉❛s✐ ♥✉❧❧❡ ❝♦♠♠❡ ♦❜s❡r✈é✳
❈❡ rés✉❧t❛t ♣❡✉t êtr❡ ✐♥t❡r♣rété ❝♦♠♠❡ ✉♥ s✐❣♥❡ ❞✬✉♥❡ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s
❞❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼ ❡t ❞❡s ❛✉tr❡s✳ ◆♦✉s ❛✈♦♥s ♠♦♥tré q✉✬✐❧ ❢❛❧✲
❧❛✐t ❞✐♠✐♥✉❡r ❞✬✉♥ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❧❛ ✈❛❧❡✉r ❞❡ dc ♣♦✉r ♦❜t❡♥✐r ❞❡s rés✉❧t❛ts ❝♦♥❢♦r♠❡s ❛✉①
♦❜s❡r✈❛t✐♦♥s✳ ❈❡❧❛ ✐♠♣❧✐q✉❡r❛✐t q✉❡ ❧❡s ♣❧❛♥étés✐♠❛✉① à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ❝❛s❝❛❞❡ ❝♦❧❧✐s✐♦♥♥❡❧❧❡
s♦✐❡♥t ❞✬✉♥❡ t❛✐❧❧❡ ✐♥❢ér✐❡✉r❡ ❛✉ ❦✐❧♦♠ètr❡ ❛✉t♦✉r ❞❡s ét♦✐❧❡s ♥❛✐♥❡s✱ s♦✐t ❛✉ ♠♦✐♥s ✉♥ ♦r❞r❡ ❞❡
❣r❛♥❞❡✉r ❞❡ ♠♦✐♥s q✉✬❛✉t♦✉r ❞❡s ❛✉tr❡s ét♦✐❧❡s✳ ▲❛ t❤é♦r✐❡ ❞❡ ❢♦r♠❛t✐♦♥ ❞❡s ♣❧❛♥étés✐♠❛✉①
❡st ❛✉❥♦✉r❞✬❤✉✐ ✐♥❝♦♠♣❧èt❡ ❀ ✐❧ ❛♣♣❛r❛ît ❞♦♥❝ ♣ré♠❛t✉ré ❞❡ s♣é❝✉❧❡r s✉r ❧❡ ♣r♦❝❡ss✉s à ❧✬♦r✐❣✐♥❡
❞✬✉♥❡ t❡❧❧❡ ❞✐✛ér❡♥❝❡✳ ❯♥ ❛✉tr❡ ♠♦②❡♥ ❞❡ ♠♦❞é❧✐s❡r ❞❡s t❛✉① ❞❡ ❞ét❡❝t✐♦♥ ❝♦♥❢♦r♠❡s ❛✉① ♦❜✲
s❡r✈❛t✐♦♥s ❡st ❞❡ ❞✐♠✐♥✉❡r ❧❡ r❛②♦♥ ❞❡s ❞✐sq✉❡s à q✉❡❧q✉❡s ❯❆ ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼✱
♠❛✐s ❝❡tt❡ ❤②♣♦t❤ès❡ ❡st ✐♥❝♦❤ér❡♥t❡ ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s✳
◆♦✉s ♣r♦♣♦s♦♥s ❞♦♥❝ ❞❛♥s ❝❡tt❡ t❤ès❡ ❞❡✉① ❤②♣♦t❤ès❡s s✉♣♣❧é♠❡♥t❛✐r❡s à ♣r♦♣♦s ❞✉ ❞é✜❝✐t
❞❡ ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞ét❡❝tés ❛✉t♦✉r ❞❡s ét♦✐❧❡s ❞❡ t②♣❡ ▼✳ ❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✳✶✳✷✱ ♥♦✉s ❛✈♦♥s
♠♦♥tré q✉❡ ❧❡s r❡♥❝♦♥tr❡s st❡❧❧❛✐r❡s ♣r♦❝❤❡s ❞❛♥s ❧❡s ❛♠❛s ♦✉✈❡rts✱ ♣❡♥❞❛♥t ❧❡s ✶✵✵ ♣r❡♠✐❡rs
♠✐❧❧✐♦♥s ❞✬❛♥♥é❡s ❞❡ ❧❛ ✈✐❡ ❞✬✉♥❡ ét♦✐❧❡✱ ét❛✐❡♥t s✉s❝❡♣t✐❜❧❡s ❞❡ ♣✉r❣❡r s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❡s
❥❡✉♥❡s ❞✐sq✉❡s ❞❡ ❞é❜r✐s ❞❡s ét♦✐❧❡s ♥é❡s ❞❛♥s ❧❡s ❛♠❛s ❧❡s ♣❧✉s ❞❡♥s❡s✱ ❡t q✉✬✐❧ ② ❛ ❞❡ ❜♦♥♥❡s
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ABSTRACT
A debris disk is a constituent of any planetary system surrounding a main sequence star. We study whether close stellar encounters
can disrupt and strip a debris disk of its planetesimals in the expanding open cluster of its birth with a decreasing star number density
over 100 Myrs. Such stripping would affect the dust production and hence detectability of the disk. We tabulated the fractions of
planetesimals stripped off during stellar flybys of miss distances between 100 and 1000 AU and for several mass ratios of the central
to passing stars. We then estimated the numbers of close stellar encounters over the lifetime of several expanding open clusters
characterized by their initial star densities. We found that a standard disk, with inner and outer radii of 40 and 100 AU, suffers no
loss of planetesimals over 100 Myrs around a star born in a common embedded cluster with star density ≤ 1000 pc−3. In contrast, we
found that such a disk is severely depleted of its planetesimals over this timescale around a star born in an Orion-type cluster where
the star density is > 20 000 pc−3. In this environment, a disk loses > 97% of its planetesimals around an M-dwarf, > 63% around a
solar-type star, and > 42% around an A-dwarf, over 100 Myrs. We roughly estimate that two-thirds of the stars may be born in such
high star density clusters. This might explain in part why fewer debris disks are observed around lower mass stars.
Key words. Stars : circumstellar matter ; surveys ; stars: low-mass ; planetary systems : formation
1. Introduction
A debris disk surrounding a main sequence star is the collection
of planetesimals (comets or asteroids) that are the leftovers from
an early phase of planet formation. A debris disk is a constituent
of any planetary system in the core-accretion theory of planet
formation. It is the analogue of the Kuiper Belt beyond Neptune,
or of the asteroid belt between Mars and Jupiter, in our Solar
System. The formation and evolution of debris disks and plane-
tary systems are inter-related in theory, and can provide comple-
mentary insight into each other.
The dust content of a debris disk is the key to its observabil-
ity. Small dust grains scatter the light of the central star and make
the disk visible at optical wavelengths. Large grains are heated
by the central star and efficiently re-radiate in the far-IR and
(sub)millimeter domains where they are observed. It is thought
that dust must be continually or episodicly replenished by mu-
tual collisions between planetesimals because dust grains are re-
moved on short timescales (a few millions years or less). Disks
have to be several-fold dustier than the Kuiper belt (×100) to be
detectable with our instrumental sensitivities, even for the near-
est stars. Nonetheless, bright disks are detected around 32 ± 5%
of A-type dwarfs (Su et al 2006, Wyatt et al 2003), 16± 2.8% of
solar-type dwarfs (Bryden et al 2006, Trilling et al 2008, Najita
& Williams 2005) and ≤5% of M-type dwarfs (Lestrade et al
2006 and 2009, Gautier et al 2007) according to searches for
cold dust at λ = 70µm by Spitzer and at (sub)millimeter wave-
Send offprint requests to: J.-F. Lestrade, e-mail : jean-
francois.lestrade@obspm.fr
lengths by radiotelescopes. Debris disks were recently reviewed
by Wyatt (2008).
The mechanisms responsible for enhanced collisional activ-
ity and for grinding planetesimals to dust in debris disks remain
unclear. The statistics of disk detections just recalled cannot be
accurately interpreted unless these mechanisms are identified. It
has been proposed that unseen planets dynamically stir the disk
and generate copious amount of dust that evolve under gravity,
radiation pressure, P-R, and stellar-wind drags (Moro-Martı´n &
Malhotra, 2002; Wyatt 2003; Mustill & Wyatt 2009; Kennedy &
Wyatt 2010). Steady-state equilibrium between collisional cas-
cades of planetesimals and dust removal processes can explain
how disks fade with age (Dominik & Decin 2003). Orbit res-
onance crossing of giant planets can trigger abrupt showers of
planetesimals in the system, severely depleting the disk and lim-
iting its detectability (Gomes et al 2005, Morbidelli et al 2005,
Tsiganis et al 2005). However, the distribution of disk fractional
luminosities with star ages is inconsistent with the idea that this
mechanism is common among debris disks (Booth et al. 2010).
Finally, distant icy-planets can successively form in waves out-
wards in the disk and generate dust rings (Kenyon & Bromley,
2002).
In this paper, we study whether stellar flybys during the first
100 Myrs of the lifetime of a star, while it is still in the expand-
ing open cluster of its birth, can significantly deplete a disk of
its planetesimals, affecting its dust production and therefore de-
tectability. Stellar flybys have been invoked to explain the high
eccentricity orbits of some Kuiper Belt Objects such as Sedna
(Kenyon & Bromley, 2004), the dynamics of planetary systems
(Malmberg et al. 2007, Spurzem et al. 2009), and the structures
of debris disks (Larwood, 1997; Mouillet et al. 1997; Kalas et
1
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Fig. 1. Stellar flyby. The debris disk is non-self-gravitating, and has inner and outer radii of 40 and 100 AU at the start of the simulation. The
central star is at the origin of the coordinate system. The trajectory of the passing star is parabolic, coplanar and prograde with respect to the disk.
The mass ratio of the two stars is unity. At the closest approach, the miss distance is 200 AU and the resulting maximum velocity is 4.2 km/s. The
fraction of planetesimals stripped off the disk and lost by the system is 13% during this close stellar encounter.
al 2000; Kobayashi & Ida, 2001). Impacts of stellar flybys dur-
ing the first few million years have also been studied in the con-
text of the evolution of protoplanetary disks and planet formation
(Bonnell et al 2001, Olczack, Pfalzner & Eckart 2009).
For our study, we did not resort to a full N-body integra-
tion of an expanding cluster with stars surrounded by disks of
planetesimals. We instead divided the problem into parts by first
estimating the fraction of planetesimals stripped off a disk by the
passage of a star moving on a parabolic trajectory in Sect. 2, and
second by estimating the probability of close stellar encounters
in an expanding cluster in Sect. 3. Finally, we discuss our results
in Sect. 4.
2. Stripping a debris disk by stellar flybys
In our model, the central and the passing stars are considered
to be point masses, named mc and mp, respectively. The disk is
made of 104 massless planetesimals randomly distributed, radi-
ally and azimutally, with the planetesimal surface number den-
sity Σ(a) = Σ0(a/a0)−1.5. Hence, the disk is not self-gravitating,
i.e. the orbit of each planetesimal is computed under the sole
gravitational attractions of mc and mp in the restricted three-body
problem.
In our simulations, we considered two sizes for the disk :
a standard configuration with inner and outer radii of 40 and
100 AU, and a more compact configuration with respective radii
10 and 40 AU, at the start of the computation. These char-
acteristic radii are based on limited observations at present.
Protoplanetary transition disks have inner radii ranging from 15
to 73 AU and outer radii from 30 to 135 AU, as measured by the
SMA (Andrews et al. 2011). More mature debris disks around
main sequence stars have radii determined by means of either
imaging or the fitting of their SED, and comprised between ∼ 10
AU and ∼ 300 AU (e.g. Dent et al. 2000, Greaves et al. 2005,
Liseau et al. 2008, Corder et al. 2009, Marshall et al. 2011). In
addition, disk size may depend on the central star mass; for ex-
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ample, the disk surrounding the M-star AU Mic is about three
times smaller than the disk around the A-star β Pic of the same
age (12 Myr) (Augereau & Beust 2006, Augereau et al. 2001).
However, a correlation between disk size and star mass has not
yet been established because of a lack of sufficient data. Current
surveys with Herschel in the far-IR (Matthews et al., 2010, Eiroa
et al., 2010) will provide new and important constraints. We
adopted the two disk configurations, standard and compact, in
our simulations to help us prepare for any revisions of disk sizes
in the future.
Our first suite of simulations was conducted in a three-
dimensional (3D) coordinate system where the disk is confined
to the x-y plane but the parabolic orbit of the passing star can
be in an inclined plane. The starting position of the passing star
is chosen to be at a large distance (> 1000 AU) to ensure that
the disk is not perturbed by an impulsive force at the start of
the computation. The initial velocity for the passing star is set
so that, at the closest approach, it reaches a given miss distance
while on a parabolic trajectory. The miss distances were set to
be between 100 AU and 1000 AU, and the resulting maximum
velocities of the passing star at closest approaches were between
3 and 12 km/s. This maximum velocity is related to the miss
distance because of the parabolic nature of the orbit.
The equation of motion of a massless particle under the grav-
itational attractions of the central and passing stars were written
in a coordinate system where the central star is at the origin.
These equations were integrated numerically using the fourth or-
der Runge-Kutta algorithm described in Press et al (1992). The
numerical accuracy of our implementation of this algorithm was
tested by computing the total energy of a test star, i.e. one not
gravitationally interacting with the disk, set on a high eccentric-
ity orbit with a small semi-major axis to produce the highest
acceleration in the system. We set the time step for our integra-
tion so that the total energy of this test star was conserved to an
accuracy lower than 0.1 %. We also extensively compared our
Runge-Kutta results to the ones that we obtained first with the
computationally expensive Euler method.
The dynamical evolution of our system is simulated over a
few thousand years, long enough for the passing star to reach the
closest approach and move away to a large distance. Our simula-
tion is exemplified in Figure 1 for prograde and coplanar motions
of the disk and passing star. This example shows that the disk is
first slowly perturbed and then significantly disrupted at closest
approach where the tidal forces reach a maximum. Finally the
disk settles in to its new configuration with bound planetesimals
on elliptical orbits, while other planetesimals are either captured
by the passing star or ejected on unbound orbits. We checked
that the fractions of stripped planetesimals (captured + ejected)
are accurately estimated for a disk confined to the x-y plane and
accurately represented by 104 particles in comparing to simula-
tions with larger numbers of particles.
Our simulations were carried out by varying the miss dis-
tance from 100 AU to 1000 AU, the sense of circulation be-
tween the disk and the passing star (prograde, retrograde), the
inclination i of the orbital plane of the passing star (0◦, 30◦, 45◦,
90◦), and the mass radtio mp/mc (20, 10, 4, 2, 1, 0.5, 0.25, 0.1).
We found that all stellar flybys with retrograde motions are in-
efficient leading to very low fractions of stripped planetesimals.
This is because they do not move in concert with the passing
star and are not gravitationally perturbed for a sufficiently long
period of time, as also noted by other authors in similar circum-
stances (Toomre & Toomre, 1972, Beust & Dutrey, 2006, Reche
et al., 2009). All flybys with prograde motion and inclination
i ≥ 45◦ are also inefficient. Only flybys with prograde motion
Fig. 2. Fractions of planetesimals stripped off a disk during stellar fly-
bys at various miss distances and for various color-coded mass ratios
mp/mc of the passing to central stars. The motions of the disk and of the
passing star are prograde and their orbital planes are coplanar. The inner
and outer radii of the disk are 40 and 100 AU, respectively, at the start
of the simulation. Thick lines connect the points computed for a disk
with planetesimals initially set on circular orbits. Dotted lines connect
the points computed for a dynamically excited disk with orbits of plan-
etesimals initially set with random eccentricities and inclinations (see
details at end of Sect. 2).
Fig. 3. Same as Figure 2 but for a compact disk with inner and outer
radii of 10 and 40 AU.
and inclination i < 45◦ lead to significant stripping whose mag-
nitude is quantified by Figures 2 and 3. These figures show the
fraction of stripped planetesimals as a function of the miss dis-
tance, for the mass ratios mp/mc mentioned above, for the stan-
dard and compact disks, and for inclination i < 45◦ of the orbital
plane of the passing star. Clearly, by comparing Figures 2 and
3, a compact disk with inner and outer radii of 10 and 40 AU is
much less severely depleted of its planetesimals than the more
extended one.
To check our simulations, we duplicated the results of
Larwood and Kalas (2001) for the debris disk around β Pic per-
turbed by a passing star. We found excellent agreement with their
Table 1 for the numbers of particles unbound and captured by the
passing star, for all ratios mp/mc and inclinations. We also com-
pared our results with the study of stripping effects in the Kuiper
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Table 1. Stellar flybys of miss distance 200 AU for two initial disk
excitations ∗.
mp/mc Fractions of stripped planetesimals
no excitation excitation
4 47 % 63 %
2 27 % 42 %
1 12 % 21 %
0.5 5 % 12 %
0.25 1.2 % 6.2 %
(∗) standard size disk.
Belt when the Solar System was in its birth aggregate performed
by Adams and Laughlin (2001). They estimate that 40% of the
Kuiper Belt objets with semi-major axis between 30 and 70 AU
are removed from the Solar System in an encounter with a 1 so-
lar mass star at the miss distance ∼ 200 AU ∼ 350/√π AU by
using their fiducial cross-section σ ∼ (350 AU)2. This fraction
is higher than our prediction of 13% in Figure 2. We ascribe this
difference to their model which also includes the scattering of
high eccentricity planetesimals by Neptune that is not consid-
ered in our model.
Finally, we studied how the initial conditions in the disk af-
fect the outcome of a flyby since the disk can be initially excited
by the dynamical perturbations of a previous flyby. We run a new
suite of simulations in which planetesimals were set on eccen-
tric and inclined, instead of circular, orbits. Their eccentricities,
inclinations, and semi-major axes a were randomly distributed
between 0.0 and 0.95, ±30◦, and 40 and 100 AU, respectively, at
the start of the simulation. The planetesimal surface number den-
sity Σ(a) was the same power-law as given above and 105 par-
ticles were used to represent this three-dimensional (3D) disk.
These new simulations have yielded fractions of stripped plan-
etesimals that are somewhat larger than for a disk with no initial
excitation, but not exceedingly larger. These new fractions are
the points connected by dotted lines in Figures 2 and 3. To ap-
preciate the differences, we also present a subset of these points
in Table 1 for a standard disk, miss distance of 200 AU and mass
ratios mp/mc = 4, 2, 1, 0.5, and 0.25, which are representative
examples. We estimated that the final depletions after 100 Myr
between the two models can change by at most a factor of two
depending on the exact history of encounters. Such a change is
not important for the assessment of the impact of depletion on
the dust production of a disk; only a depletion factor greater than
ten is meaningful for the disk detectability. For the remaining
analysis, we adopted the fractions given in Figures 2 and 3 for a
disk with no initial excitation.
3. Close stellar encounters in an expanding open
cluster
3.1. Number of stellar encounters over the cluster lifetime
We do not resort to an N-body calculation to estimate the fre-
quencies of encounters between stars in an open cluster. We
instead use the kinetic theory complemented by gravitational
focusing. In this framework, the encounter time tenc can be
estimated analytically by rederiving Eqs. 8-122 of Binney &
Tremaine (1987, p. 539), which is valid for two stars of iden-
tical masses, for the more general case of a central star and a
passing star of masses mc and mp moving in a field with uniform
star number density n. The corresponding encounter rate at miss
distance d < denc is
1
tenc
= 4
√
π n σ denc2 +
2
√
πG(mc + mp) n denc
σ
(1),
where σ is the dispersion of the Maxwellian distribution in the
stellar velocities of the cluster, and G is the gravitational con-
stant. The first term is the collision rate inferred from the sim-
ple kinetic theory of a star moving at the mean velocity 4σ/
√
π
(mean velocity of a Maxwellian with dispersion σ). This expres-
sion is based on the volume swept by the cross-section πd2enc at
this mean velocity during tenc. The second term is gravitational
focusing to account for the true orbits of the two stars. In conve-
nient units, the total encounter rate is
1
tenc
(yr−1) = 1.9×10−8
(
n
1000 pc−3
) (
σ
1 km/s
) ( denc
100 AU
)2
+
8.8 × 10−9
(mc + mp
1 M⊙
) (
n
1000 pc−3
) ( denc
100 AU
) (1 km/s
σ
)
(2).
For our model, we assume that the star number density n is a
linear function of time t. In our notation, this is
n = n0 fp − (n0 − n1) fp(t/tcl) (3),
where fp is the stellar fraction for each spectral type range listed
in Table 2. With this linear expression of time, the total star
number density in the cluster decreases from n0 at t = 0 to
n1 = 0.1 pc−3 at t = tcl, where tcl is the cluster lifetime, typi-
cally 100 Myr (Lada & Lada 2003). The final value of 0.1 pc−3
is the field star density as measured in the solar neighbourhood
as well as in relatively old open clusters (Abt, 2009). The linear
dependence adopted is based on the study of the dynamical evo-
lution of the Pleiades over 1 Gyr by Converse & Stahler (2011).
They found that the central surface density (pc−2) of the cluster
falls linearly with time at a rate such that the initial density drops
by tenfold in 200 Myr, and then falls also linearly but at a slower
rate until 1 Gyr when the cluster is totally dispersed. They also
show that the core radius is almost constant during the first 125
Myr such that the linear dependence of the surface number den-
sity (pc−2) transfers to the volume density (pc−3). We also note
that in a similar way, Kaib & Quinn (2008) use this a priori time
dependence for their sudy of the formation of the Oort cloud in
an open cluster environment.
The number of stellar encounters of miss distances d < denc
can be tracked by the phase (cycle)
φ (d < denc) =
∫ tcl
0
1/tenc dt (4).
Stellar flybys of miss distances < denc, mean velocity 4σ/
√
π,
and in the environment of varying star density n of eq.(3), occur
successively at each integer value taken by this phase.
We checked our algorithm in predicting the close stellar
encounter rate Γ modeled by Proszkow & Adams (2009) in
their N-body simulations of stars in an embedded cluster. Their
power law Γ = Γ0 × (b/1000AU)γ corresponds to the number
of close stellar encounters of miss distances < b per star per
Myr. With our model, we estimated the time T1000AU required
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for the first stellar flyby at d < 1000AU to occur by mak-
ing φ (d < 1000AU) =
∫ T1000AU
0 1/tenc dt = 1 with the con-
stant stellar density n = 1000 stars pc−3 in eq (2). In a simi-
lar way, we also estimated T500AU for d < 500AU. With these
two values T1000AU and T500AU , we determined Γ0 = 0.4 flybys
(b < 1000 AU) per star per Myr and γ = 1.5 if σ = 1 km/s, and
determined Γ0 = 1 flyby (b < 1000 AU) per star per Myr and
γ = 1.9 if σ = 5 km/s. These values of Γ0 and γ are consistent
with those in Proszkow & Adams (2009). As an additional test of
our algorithm, we also predicted for the Sun that a close stellar
encounter of 0.5 pc occurs once every 1.2 Myr in the present-
day star field (n=constant=0.1 star pc−3 in eq (2)). This predic-
tion is indeed the frequency determined by Garcia-Sanchez et al.
(2001).
3.2. Depletion of debris disks
We turn now to our inital problem and apply Eqs. (2), (3), and
(4) to estimate the fraction of planetesimals left in a debris disk
after close stellar encounters have occurred for the first 100 Myrs
of its lifetime. For this estimate, we need to determine the miss
distance for which six stellar flybys occur during this period,
hence eq (4) becomes φ (d < denc) =
∫ tcl
0 1/tenc dt = 6 with
tcl = 100 Myr. We demonstrate below why six flybys are re-
quired. We solve numerically this equation for denc and use its
value in Figs 2 or 3 to estimate the fraction of stripped planetes-
imals. This fraction is a lower limit, i.e. more planetesimals are
ejected in reality, for two reasons. First, the miss distance of an
encounter tracked by eq (4) is denc or smaller, and closer encoun-
ters more severely deplete a disk. Second, stellar flybys at larger
miss distances that are tracked by φ (d < denc) = 12, 18, 24, ...
in our algorithm are ignored in this work, although these flybys
do slightly increase the fraction of stripped planetesimals. This
ensures that our final conclusion is conservative but not overly.
In practice, we solve numerically the equation φ (d < denc) = 6
above for each stellar spectral type by using the corresponding
fraction fp of Table 2 that set the star number density n in eq. (3)
and hence in 1/tenc. The fractions fp account for the fact that
massive passing stars are rare, but destructive for a disk, and
low-mass passing stars are common, but less harmful.
We return to the choice φ (d < denc) = 6, which is based on
the efficiency with which flybys strip a debris disk depending on
the inclination i of the passing star orbit as well as the sense of
circulation as discussed in Sect. 2. As already pointed out, a stel-
lar flyby strips a debris disk according to the fractions given in
Figures 2 or 3 only if the passing star and disk motions are pro-
grade and if i < 45◦ (two conditions). Assuming that the angu-
lar momentum vector of the passing star is randomly distributed
over the whole celestial sphere, the differential probability that
Table 2. Stellar mass distribution of passing stars
Spectral type mp Mass range Fraction fp
(M⊙)
M8-M5 0.10 - 0.21 43.0 %
M4-M0 0.21 - 0.47 31.5 %
K8-K0 0.47 - 0.80 12.4 %
G8-G0-F0 0.80 - 1.70 8.5 %
A8-A0 1.70 - 3.20 2.7 %
B8-B5 3.20 - 6.50 1.3 %
Table 3. Closest stellar encounters of the Sun and corresponding frac-
tions of stripped planetesimals (∗)
Spectral type mp mp/mc denc Fraction si
(AU)
M8-M5 0.15 180 0
M4-M0 0.25 200 2%
K8-K0 0.5 230 3%
G8-G0-F0 1.0 500 0
A8-A0 2.0 875 0
B8-B5 4. 1250 0
(∗) duration=100 Myrs; mc = 1M⊙; n0 = 3000pc−3; σ = 5 km/s;
φ(d < denc) = 6.
this vector goes through a celestial band between inclinations i
and i + di is dp = 12 sin(i)di. By integrating between i = 0 and
π/4, the probability corresponding to the two conditions above
is p ∼ 1/6. Hence, six flybys must occur to have one that is ef-
ficient at stripping the planetesimals of a disk according to the
fractions given in Figures 2 or 3.
Finally, we combine the stripping effects over the six stellar
spectral type ranges defined in Table 2 by computing the total
fraction of the planetesimals left in the disk after 100 Myr, (1 −
s1) × (1 − s2) × .... × (1 − s6), where each si is the fraction of
stripped planetesimals of Figures 2 or 3 for the appropriate ratio
mp/mc.
As an example of this calculation, we list in Table 3 the miss
distance denc and stripping factor si for each spectral type of the
stellar encounters undergone by the Sun for the first 100 Myr
after its birth in a cluster characterized by σ = 5 km/s and
the initial stellar density n0 = 3000 pc−3 (Adams & Laughlin,
2001). In these conditions, the total fraction of planetesimals left
is < 95% after 100 Myrs in our model. The present day Kuiper
Belt has only ∼ 1% of the mass that the minimun mass solar
nebula hypothesis predicts, and, the hypothesis of the late heavy
bombardement at 700 Myr has been put forth as an explaination
(Morbidelli et al 2005).
In Table 4, we search the parameter space (mc, n0) to find
out the conditions in which a debris disk can be most severely
depleted during the first 100 Myr of its lifetime. The frac-
tions of planetesimals left after 100 Myr in a standard size disk
(40− 100 AU) and compact disk (10− 40 AU) are estimated for
the central star masses, mc = 0.25, 0.5, 1.0 or 2.5 M⊙, which
cover the mass range of stars searched for debris disks in sur-
veys. The cluster dispersion velocity adopted is σ = 5 km/s,
as observed in 11 nearby open clusters and associations with
ages between 5Myrs (Upper Sco) and 757 Myrs (Praesepe) by
Madsen, Dravins & Lindegren (2002), and as measured in the
N-body simulation of the dynamical evolution of embedded
clusters from which open clusters emerge (Proszkow & Adams
2009). In Table 4, the initial star number density n0 is chosen
to be 100, 1000, 3000, 10 000, 20 000, or 30 000 pc−3 for sev-
eral reasons; most embedded clusters have stellar densities of
∼ 100 pc−3 (Carpenter 2000, Porras et al 2003, Lada & Lada
2003), the Sun is thought to be born in a cluster of stellar den-
sity ∼ 3000 pc−3 (Adams & Laughlin 2001), and the densest
and closest embedded cluster is the Orion nebula cluster with
∼ 20 000 pc−3 (Hillenbrand & Hartmann, 1998). We note also
that the central stellar density of the Arches cluster close to the
Galactic center reaches ∼ 105 pc−3 (Portegies Zwart et al. 2007)
but we have not included this extreme case in our study.
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Table 4. Fractions of planetesimals left in a debris disk after undergo-
ing close stellar encounters for 100 Myr in expanding open clusters of
various initial star densities.
Central star Cluster(∗) Fraction of planetesimals left
mc (M⊙) n0 (pc−3) ——————————————-
Disk 40 − 100 AU Disk 10 − 40 AU
(%) (%)
0.25 100 100 100
0.5 “ 100 100
1.0 “ 100 100
2.5 “ 100 100
0.25 1000 100 100
0.5 “ 100 100
1.0 “ 100 100
2.5 “ 100 100
0.25 3000 < 65 100
0.5 “ < 83 100
1.0 “ < 95 100
2.5 “ 100 100
0.25 10 000 < 23 100
0.5 “ < 49 100
1.0 “ < 75 100
2.5 “ < 94 100
0.25 20 000 < 3 < 97
0.5 “ < 15 100
1.0 “ < 37 100
2.5 “ < 58 100
0.25 30 000 < 1 < 76
0.5 “ < 3 < 95
1.0 “ < 16 100
2.5 “ < 40 100
(∗) : σ = 5 km/s, φ(d < denc) = 6.
4. Discussion
According to our search of the parameter space (mc, n0) in Table
4, severe depletion by close stellar encounters occurs only for
a disk of standard size (40 − 100 AU) surrounding a star born
in an embedded cluster with a high star-density n0 greater than
20 000 pc−3. In these conditions, fewer than 58% of the planetes-
imals are left around an intermediate-mass star after 100 Myr,
fewer than 37% around a solar-mass star, and fewer than only
3% around a low-mass star. In common low star-density em-
bedded clusters where n0 is < 1000 pc−3, stellar flybys have
a relatively small effect on disks. The turning point in Table 4
where disks start to lose their planetesimals in 100 Myr is the
intermediate star density n0 ∼ 3000 pc−3, which is thought to
have prevailed in the birthplace of the Sun. In contrast, disks of
compact size (10 − 40 AU) are almost insensitive to their stel-
lar environment as seen in Table 4. These conclusions remain
qualitatively the same regardless of whether the disk is dynam-
ically excited at the start of the simulation or not. In agreement
with these results, Spurzem et al. (2009) demonstrated that dis-
ruptions of some wide-orbit planetary systems in an Orion-type
cluster are expected on a timescale of a few 108 yrs, leaving free-
floating planets as relics.
We can make a rough estimate of the fraction of stars born
in low and high star-density environments by comparing the
numbers of stars N1 and N2 that are, respectively, in the closest
high star-density embedded cluster, the Orion Nebula Cluster at
Fig. 4. Fractions of planetesimals left in a debris disk after undergoing
close stellar encounters for 100 Myr in open clusters of various initial
star number densities. Fractions are the same as in Table 4 for the disk
with inner and outer radii of 40 and 100 AU. The four bins correspond
to the stellar spectral types M8-M5, M4-M0, KGF, and A.
450 pc, and in all low star-density embedded clusters closer than
this distance; these numbers are N1 = 2520 and N2 = 1324 based
on the catalog of Lada & Lada (2003). Thus, the corresponding
fractions are N2/(N1 + N2) = 34% and N1/(N1 + N2) = 66%
for stars born in low and high star-density embedded clusters,
respectively. If this rough estimate holds over the whole Milky
Way, we can conclude that about two-thirds of the stars surveyed
today originate from high star-density embedded clusters, thus
their disks may have suffered severe stripping by close stellar en-
counters according to Table 4. We note that embedded clusters
with star-densities higher than 10 000 M⊙pc−3 survive the initial
gas expulsion phase (“infant mortality phase”), and are stable
against disruption by stellar evolution and encounters with gi-
ant molecular clouds over an Hubble time (Lamers et al, 2005,
Gieles 2009).
As depicted in Figure 4, or equivalently in Table 4, the frac-
tion of planetesimals left in a standard disk (40 − 100 AU) de-
pends significantly on the mass of the central star mc. This is
expected in our model in which flybys are more disruptive for
disks around M-dwarfs encountering mostly more massive stars,
while they are less damaging for disks around A-dwarfs encoun-
tering mostly less massive stars. Consequently, in our model,
disks surrounding M-dwarfs are expected to be more difficult to
detect since more depleted disks produce less observable dust.
This trend in our model agrees with the observed decline in the
number of debris disks found around lower mass stars in surveys
(32% for A-dwarfs, 16% for FGK dwarfs, < 5% for M-dwarfs)
as emphasized in Lestrade et al (2009).
A limitation of our model is that the star number density
is assumed to be uniform across the cluster. Mass segregation
is a well-known feature of star clusters, as can be seen in the
Trapezium where the most massive stars are arranged in a cen-
tral, compact core (Moeckel & Bonnell 2009). Mass segregation
can be approximated in our model by a relative increase in the
high-mass star fraction fp given in Table 2 to simulate the con-
dition at the center of the cluster. For example, in the case of
mc = 0.25 M⊙ and n0 = 20 000 pc−3, after increasing fp by a fac-
tor of four for the most massive stars of this study (mp = 2.5M⊙)
and decreasing fp accordingly for the lowest mass stars, the frac-
tion of remaining planetesimals changes from < 3% in Table 4
to < 2%. For the same modifications of fp but for mc = 2.5 M⊙
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and n0 = 20 000 pc−3, the fraction changes from < 58% in Table
4 to < 45%. Consequently, this limitation of our model makes
our estimate conservative and leaves unchanged our main con-
clusion.
5. Conclusion
We have studied the depletion of planetesimals in a debris disk
triggered by close stellar encounters in the environment of an
expanding open cluster over its lifetime of 100 Myrs. We have
found that depletion is significant only for an initial star-density
of the embedded cluster of origin greater than 20 000 pc−3, as
in the Orion Nebula Cluster, and in a disk of standard size (in-
ner and outer radii : 40 and 100 AU). In these conditions, a de-
bris disk loses >97% of its planetesimals around an M-dwarf,
>63% around a solar-type star, and >42% around an A-dwarf
in 100 Myr. This level of depletion could affect two-thirds of
the stars searched in surveys since two-thirds of them are born
in high star-density embedded clusters according to the catalog
of Lada and Lada (2003). However, more compact disks (in-
ner and outer radii : 10 and 40 AU) are much less sensitive to
their environment. Unfortunately, debris disk sizes are not yet
well enough known to decisively conclude whether the observed
trend of fewer debris disks being detected around lower mass
stars can be explained by the mechanism we have studied.
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ABSTRACT
Debris disks have been found primarily around intermediate and solar mass stars (spectral types A-K) but rarely around low mass
M-type stars. We confront this lack of detection in surveys so far with the predictions of steady state collisional evolution of a potential
population of disks around them. First, we determine the parameters of this evolution model with the data of the Spitzer surveys of
A- and FGK-type stars in fitting the shape of the distribution of the fractional dust luminosities of the detected debris disks only. This
stipulation in our study is based on the assumption that the disk mass distribution is bimodal ; it is split between high mass collisionally
dominated disks that are detected and low mass P-R dominated disks that are below the detection level in these surveys. The reason
for this assumption is that studies show that a fraction of planetary systems can lose their planetesimals because of planet-planet
dynamical instabilities or of stripping mechanisms early in their lifetime. The parameter best determined in the fit is the diameter Dc
of the largest planetesimals in the collisional cascade of the model ranging from 2 km to 60 km, consistently for disks around both A-
and FGK-type stars. Second, for M-dwarfs, we make the favorable assumptions that all are surrounded by the same population of high
mass collisionally dominated disks as the other stars and that small grains are not blown out by a stellar wind. In these conditions,
we predict the flux densities expected for the surveys conducted in the far infrared and submillimeter domain. In this framework, we
find that the evolution model can be made consistent with the observed lack of disks around M-dwarfs if the diameter Dc is taken
at least ten times smaller than the largest colliding planetesimals around A-type and FGK-type stars. Theories of the formation of
planetesimals by coagulation or by gravitational instabilities have still formidable hurdles to overcome and our analysis indicates that
low mass stars might form smaller planetesimals than solar or intermediate mass stars.
Key words. debris disks : circumstellar matter - planetary systems : formation - stars: planetary systems
1. Introduction
A debris disk around a main sequence star is formed of plan-
etesimals left over in the system from the planet formation pro-
cess according to the core accretion theory. In our Solar system,
the Asteroid belt and Edgeworth-Kuiper Belt would be a debris
disk for a distant observer. Planetesimals are objects whose ac-
cretion was stymied by the formation and migration of giant
planets in the system, or simply occurred too slowly for them
to grow larger. Relationship between debris disks and planetary
systems is debated and should eventually place our Solar system
in context (Greaves & Wyatt 2010). The physical and observa-
tional properties of debris disks were defined by Lagrange et al.
(2000), and their studies were reviewed by Wyatt (2008) and
Krivov (2010).
It is thought that observed dust associated with debris disks
must be replenished through continual collisional grinding or
sublimation of planetesimals resulting either from a steady state
or a stochastic process, or both. About 10 − 30% of mature stars
from stellar type A to K harbor cold dust disks detected as ex-
cesses emission above photospheric levels in the far-infrared at
λ > 70 µm. Observed decay of these excesses with star ages is
seen as evidence of evolution under a steady state collisional pro-
cess (Rieke et al. 2005; Bryden et al. 2006; Wyatt et al. 2007a,b;
Carpenter et al. 2009; Kains et al. 2011). The fact that debris
disks are found around stars that have several orders of magni-
Send offprint requests to: J-F Lestrade, e-mail:
jean-francois.lestrade@obspm.fr
tude difference in stellar luminosities implies that planetesimal
formation (a critical step in planet formation) is a robust process
that can take place under a wide range of conditions.
In addition to searches targeted at A to K type stars, several
large surveys have been conducted to search for cold debris disks
around M dwarfs in the mid-infared by Plavchan et al. (2005,
2009), initially, and Avenhaus et al. (2012) with WISE, as well
as in the far-infrared with Spitzer and Hershel (Gautier et al.
2007; Matthews et al. 2010), and in the submillimeter domain
with JCMT and IRAM30m (Lestrade et al. 2006, 2009). They
have yielded only a bona fide disk around the mature M3 star
GJ581 (Lestrade et al. 2012), in addition to the disk around the
young M0 star AU Mic (12 Myr) (Liu et al. 2004; Kalas et al.
2004).
The fact that debris disks are less frequently detected among
M-stars than around higher-mass stars seems surprising at first,
since all spectral types have similar detection frequency of pro-
toplanetary disks in the earlier stage of their evolution (e.g.,
Andrews & Williams 2005). It is also surprising in view of
the recent observations showing that small, low-mass plan-
ets are more abundant among M-stars than around the other
stars (Howard et al. 2012; Bonfils et al. 2013; Dressing &
Charbonneau 2013; Kopparapu 2013), and of the recent result
showing evidence of the prevalence of debris disks around G
type stars with low-mass planetary systems (Wyatt et al. (2012),
and also Marshall et al. and Moro-Martı´n et al. in prep). If the
correlation between debris disks and low-mass planets for G-
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stars applies to M-stars, then debris disks should be relatively
common around them, in contrast to observations.
In reality, current observations may simply not be sensi-
tive enough because dust experiences significantly less heat-
ing around low luminosity M-dwarfs than around more massive
stars. However, M-dwarfs are usually closer and have larger to-
tal dust emitting surface because small grains are not blown out
of the system by radiation pressure, unless affected of a strong
stellar wind.
In this paper, we show that, under specific conditions (no
stellar wind and high mass collisionally dominated disks), M-
dwarfs must have smaller planetesimals than those surrounding
other types of stars. In §2, we describe the steady state collisional
evolution model developed in Wyatt et al. (2007a) and our adap-
tation. In §3, we fit this model to the data of the Spitzer surveys of
A stars and FGK stars with a novel fitting procedure and assum-
ing collisionally dominated disks for all stars. Interestingly, the
best fits of the two samples are shown to be consistent. Finally,
in §4, we use this model and its assumptions to show that the
observations of no debris disks around M-dwarfs found in the
survey of Gautier et al. (2007) in the far-infared domain can be
explained by planetesimals smaller in size than in disks around
A and FGK stars.
2. Model for the population of debris disks
2.1. Analytic steady state collisional evolution model
Wemake the assumption that stars with detected debris disks are
surrounded by a belt of planetesimals that is undergoing colli-
sional cascades producing the dust observed. The long-term evo-
lution of such a belt in steady state collisional equilibrium was
originally developed analytically in Dominik & Decin (2003)
and recast with slightly modified assumptions in Wyatt et al.
(2007a). This model shows that debris disks decay at a constant
rate proportionnal to t−1. An extension of this analytic model that
also includes the evolution of the star into the subgiant phase is
presented in Bonsor & Wyatt (2010) and yields a similar decay.
Numerical models of single systems have shown that this de-
cay is better described as a quasi steady state with rates varying
with time (The´bault et al. 2003; Lo¨hne et al. 2008; The´bault &
Augereau 2007; Ga´spa´r et al. 2012).
In this study, we use the analytic model of Wyatt et al.
(2007a) for its simplicity and its overall accuracy for collision-
dominated disks that have been observed in surveys so far. In
this model, the collisional equilibrium is described with a single
power law for the size distribution defined by n(D) = KD2−3q be-
tween D and D+ dD, and with q = 11/6 (Dohnanyi 1969). Such
a collisional cascade implies infinity at both ends but, in debris
disks, it is truncated at the top end by the largest planetesimal
of diameter Dc and at the lower end by the blow out size if the
stellar radiation pressure can blow out the smallest particles. In
this model, the size distribution is independent of radial distance
in the disk. The coefficient K can be related straightforwardly to
the total mass or the total surface of the material. We recall that
for index q = 11/6, most of the mass of the belt is in the largest
planetesimals while most of the emitting cross-sectional area is
in the smallest particles.
In a collisional cascade material within a given size range
D to D + dD is replaced by fragments from the destruction of
larger objects at the same rate that it is destroyed in collisions
with other members of the cascade. The long-timescale evolu-
tion is thus determined by the removal of mass from the top
end of the cascade, and, hence, by the collisional lifetime tc(0)
of the largest planetesimals of size Dc at the initial epoch. In
Wyatt et al. (2007a), planetesimals of size Dc are destroyed by
impacting planetesimals down to size XcDc (Xc < 1) making
collisional lifetimes shorter than in Dominik & Decin (2003)
where the large planetesimals feeding the cascade are less re-
alisticly treated as a population separate from the cascade. The
ratio Xc = Dcc/Dc, where Dcc is the smallest planetesimal that
has enough energy to catastrophically destroy a planetesimal of
size Dc, can be expressed from the dispersal threshold Q
∗
D
, i.e.
the specific incident energy required to catastrophically destroy
a particle. Large bodies are eventually ground to small particles
generally expelled from the system by radiation or wind pres-
sure.
However, for low luminosity M dwarfs, the smallest grains
cannot be expelled by radiation pressure but by stellar wind if
significantly above the solar value (Plavchan et al. 2005). This
might be the case for very young M-dwarfs, as AU Mic, and
possibly for fully convective stars later than the sub-stellar spec-
tral type M3 (Hawley et al. 2000; Wargelin & Drake 2001). The
M-dwarfs of unknown ages in the Spitzer sample of Gautier et al.
(2007) are likely older than 1 Gyr, so we have assumed no stellar
wind to simplify their study and to test other parameters of the
model, especially planetesimal size, for the rare detection of de-
bris disk around them. We have set the smallest particle diameter
Dmin for M-dwarfs to 0.1 µm in our model because the absorp-
tion efficiency Qabs drops significantly below unity for smaller
grains (Laor & Draine 1993) making their emission negligeable.
In the model, the total mass Mtot(t) of the planetesimals of
the belt decays as :
Mtot(t) =
Mtot(0)
[1 + t/tc(0)]
(1)
where Mtot(0) is the initial total mass of the belt and tc(0) is the
collisional time scale at that initial epoch. This solution is valid
as long as the mass is the only time-variable property of the disk.
For the collisional lifetime tc(0), we used eq. 9 of Wyatt et al.
(2007b) summarized here by :
tc(0) ∝
ρR3.5 × ∆R/R × Dc
M0.5∗ Mtot(0)
f (Xc, e/I, q) (2)
and their expression for the function f . The factor Xc has been
derived in Wyatt & Dent (2002) :
Xc ∝
(Q∗
D
(Dc) × R × M−1∗
1.25e2 + I2
)1/3
(3)
These expressions depend on the conditions in the disk (total
mass Mtot(0) unless t >> tc(0), mean radius R and width ∆R
of the disk, diameter Dc of the largest planetesimals) and on
the parameters controlling its subsequent collisional evolution
(eccentricity and inclination e, I of the perturbed planetesimals,
material density ρ and the star mass M∗).
The specific energy threshold Q∗
D
for catastrophic disruption
depends on the largest planetesimal Dc and we use the model of
Benz & Asphaug (1999) :
Q∗D(Dc) = Q0(Dc/2)
a + Bρ(Dc/2)
b (4)
where Q0 ∼ 1.6 107 − 9 107 erg g−1, B ∼ 0.3− 2.1 erg cm−3 g−2,
a ∼ −0.4 and b ∼ 1.20 as given in their Table III for basalt and
ice, and impact velocities 0.5, 3 and 5 km/s.
The assumptions that Q∗
D
and Dc are independent of stellar
age and are the same for all disks are limitations of the model.
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We synthesize a disk population in adopting distributions
for the initial disk masses Mtot(0) and the mean disk radii. The
distribution for Mtot(0) is based on the submillimeter study of
protoplanetary disks of Andrews & Williams (2005) who de-
rived a lognormal distribution of their dust masses centered
on Mmid = 15 M⊕ (standard mass opacity of 0.1 cm2 g−1 at
1000 GHz and mass ratio of 100:1 between gas and dust) and
with a 1σ width of 0.71 dex. As described later, we fit for Mmid
but retained this 1σ width in our adjustment of the debris disk
data. The distribution for the mean disk radii R is taken as the
power law n(R) ∝ Rγ between R and R + dR and is bound by the
parameters R1 and R2. We fix γ to −0.5 based on the distribu-
tions found for the characteristic radii of the eleven protoplane-
tary disks measured by the SMA in Andrews et al. (2011) and
on the distribution of the mean radii of the nine resolved debris
disks around A-stars of the Herschel program DEBRIS (Booth
et al. 2013).
The total mass Mtot(t) of colliding planetesimals at the age
of the star can be converted into the total cross-sectional area
A(t) dominated by the dust with a mass density ρ and the stan-
dard size distribution n(D) ∝ D−3.5 between D and D + dD for
spherical particles of diameter D from the largest value Dc to the
lowest Dmin taken as 0.1 µm (M-stars) or as the blow out if larger
than this limit (most other stellar types). The total cross-sectional
area A(t) at the age of the star is :
A(t) =
3 × Mtot(t)
2ρ
√
DminDc
(5)
Finally, the fractional dust luminosity :
fd(t) =
Ldust
L∗
(6)
is calculated in taking into account that the dust grains are spa-
tially distributed according to a radial profile taken as the power-
law Σpr
α between r and r + dr of the radial extent r from the
inner radius rin to the outer radius rout of the disk. The term Σpr
α
is the emitting cross-sectional area of the grains per unit area
of the disk surface. In assuming that these grains absorb stel-
lar light with 100% efficiency (Qabs = 1), their total emission
is proportional to A(t) =
∫ rout
rint
2pirdrΣpr
α. Hence, if α , 0, and
using eq (3) of Lestrade et al. (2012) for Σp, the fractional dust
luminosity is :
fd(t) =
∫ rout
rin
2pirdrΣpr
α
4pir2
=
1
2pi
A(t) × (α + 2)
α
×
[ rαout − rαin
rα+2out − rα+2in
]
(7)
This expression of the fractional dust luminosity accounts for
the radial extent of the disk while it is usually estimated at its
mean radius. The corresponding change is about 50% for a disk
width of ∆R = R/2 and α = −1.5 as adopted in this study. With
these notations, the inner and outer radii in eq (7) above are rin =
R − ∆R/2 and rout = R + ∆R/2, respectively. As mentionned
above, we adopt a power law distribution for the mean disk radii
R of the modelled disk population extending between the lower
and upper boundaries R1 and R2. These boundaries must not be
confused with rin and rout in eq (7).
2.2. Fitting procedure
The searches for debris disks around A stars (Su et al. 2006)
and FGK stars (Trilling et al. 2008) at 24 and 70 µm with
Spitzer are based on large samples of stars that are statisti-
cally not well defined because they are assembled from several
programs based on various selection criteria and different inte-
gration times. Consequently, these surveys are neither volume-
limited, nor flux-limited, and not representative of the stellar
population in the solar neighbourhood. For instance, the sam-
ple in Su et al. (2006) made of stars with spectral types ranging
from B6 to A7 is highly biased towards the A0 stars that consti-
tute 27% of the selection while the A6 and A7 stars amount to
less than 5%, unlike the actual stellar density in the solar neigh-
bourhood. The FGK star sample in Trilling et al. (2008) is biased
toward F5 type stars representing 16% of this sample while all
K0 to K4 stars account for 10% only, unlike the sellar population
in the solar neibourghood.
In these conditions, it is debatable whether or not the de-
tection frequency estimated from these biased samples are sta-
tistically representative of the whole population of cold outer
debris disks as assumed in previous evolution studies. In this
work, we turn to the possibility that the distribution of their to-
tal masses is bimodal. High mass cold disks are dense enough
to be collisionally dominated and thus dusty enough to be de-
tectable with Spitzer in the far infrared and radiotelescopes at
longer wavelengths. Instead, low mass cold disks are P-R dom-
inated and below detection level at these wavelengths, and are
possibly feeding exozodical regions detectable at much shorter
wavelengths (Wyatt 2005). There are several reasons for this
possible bimodal distribution. A fraction of outer debris disks
can be stripped of their planetesimals during close stellar flybys
while in the open cluster of their birth for the first 100 Myr of
their lifetime if the stellar density is high (Lestrade et al. 2011).
Also, planet-planet gravitational scattering can trigger dynam-
ical instabilities that can eject planets and remove drastically
planetesimals from their disk any time during the lifetime of the
system. This scattering model is supported by several features
of the observed giant exoplanets, notably their broad eccentric-
ity distribution (Chatterjee et al. 2008; Juric´ & Tremaine 2008;
Raymond et al. 2010) and their clustering near the Hill stability
limit (Raymond et al. 2009). Finally, giant planets in crossing
their mean motion resonances during migration can destabilize
the outer disk and trigger a Late Heavy Bombardment as in the
Nice model for the Solar System (Gomes et al. 2005; Morbidelli
et al. 2005; Tsiganis et al. 2005).
Hence, in this work, for each survey, we have retained only
the stars with detected debris disks and made the hypothesis that
they are statistically representative of the population of the high
mass cold disks. The non detections are stars with low mass
disks that cannot be observed with our current capabilities in the
far infrared and submillimeter. Our statistical results hold within
this framework.
For such a subsample, stellar distances, ages and spectral
types are known and only the parameters of the debris disk pop-
ulation are unknown. In our study, this disk population is synthe-
sized with the steady state collision model described in the previ-
ous section. This model is evolved using the known or adopted
stellar ages and is fit to the distribution of observed fractional
dust luminosities of the detected disks. The advantage of using
the fractional dust luminosity rather than the photospheric ex-
cesses is that this quantity is distance-independant and combines
both the 24 and 70 µm photometric measurements of the survey.
In our study, the stellar ages and spectral types, i.e. masses
and luminosities of the stars, are taken from Su et al. (2006)
and Trilling et al. (2008). The initial total mass of planetesimals
Mtot(0) and the mean disk radii R for the detected disks of the
subsample were randomly drawn from distributions. We adopted
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a log-normal distribution for Mtot(0) centered on the median
mass Mmid and having a 1σ width σMtot of 0.71 dex, and adopted
the power law distribution Rγ from R1 to R2, with γ = −0.5, for
the mean disk radius R (see justifications in §2.1). In total, there
are four independent parameters in our fit : Mmid, R1, R2, and
the diameter Dc of the largest planetesimals. We have set fixed
e = I = 0.05, ρ = 1000 kg m−3 (ice) or ρ = 2700 kg m−3 (basalt),
∆R = R/2 and q = 11/6 for all disks as in past studies by Wyatt
et al. (2007b) and Kains et al. (2011). We have considered the
effects of changing these parameters in §3.
The best fit values of the four parameters Mmid, Dc, R1 and
R2 of the model were searched numerically over a large grid in
using the Kolmogorov-Smirnov test (K-S test) to match the ob-
served and modelled distributions of fractional dust luminosities.
At each point of this 4D-parameter space, one hundred simula-
tions were carried out so that Mtot(0) and R take many randomly
chosen values of their adopted distributions as in the Monte
Carlo method. The best fit values were those with the highest
K-S test probability averaged over the hundred simulations.
The K-S test measures the largest absolute difference be-
tween the two distributions under consideration and estimates
the probability of finding this difference larger than the observed
value in the case of the null hypothesis (data drawn from the
same distribution). Thus, this probability is an estimate of the
significance level of the observed difference as a disproof of the
null hypothesis ; i.e. a small probability implies that the two dis-
tributions do not come from the same parent distribution. We
have used the surbroutines in Press et al. (1992) that are reliable
when the number of data points is larger than 20 and so appro-
priate for the subsamples of debris disks in our study. Figure 1 is
an illustration of our fitting procedure.
Fig. 1. Cumulative distributions of the fractional dust luminosities ; blue
line corresponds to the observations and red lines are eight independent
simulations computed with the same parameters Mmid, R1, R2, and Dc
but different random numbers for the disk population around the A stars
of the Su et al. (2006) survey. The statistical Kolmogorov-Smirnov test
is used to match the observed and simulated distributions so they can
be considered drawn from the same parent distribution. The maximum
K-S probability is 75% in this example, averaged over one hundred sim-
ulations. For clarity, only eight simulations are shown on this figure but
one hundred were actually computed at each point of the 4-D parameter
space (Mmid, R1, R2, Dc) for our numerical search.
The values for Mtot(0) and R were drawn from the log-
normal and power law distributions, respectively, in using the
reciprocal of a random variable (Devroye 1986) :
x =
∫ y
0
f (t)dt (8)
where x is a random variable drawn uniformly between 0 and 1
and y is an implicit variable that has the density f (t) which can
be set analyticly or as a binned distribution 1.
2.3. Tests of the fitting procedure
We have simulated fractional dust luminosities computed with
the collisional equilibrium evolution model of Wyatt et al.
(2007a) described above including the relationship bewteen Q∗
D
and Dc of Benz & Asphaug (1999). In addition, a uniformly dis-
tributed random noise of ±20% were added to each modelled
fractional dust luminosity. A first set of data was simulated with
the a priori values Mmid = 4 M⊕ and Dc = 10 km, and a
second with Mmid = 40 M⊕ and Dc = 350 km to verify that
these two disk populations that are clearly distinct can be distin-
guished with our fitting procedure. We kept the other two fitted
parameters set to the same a prioiri values, R1 = 6.5 AU and
R2 = 35 AU, for this verification. The distributions of the stellar
masses and ages were those of the sample of Su et al. (2006).
The disk population, in addition to the fitted parameters, was
controlled with the fixed parameters : e = I = 0.05, ∆R = R/2,
γ = −0.5, σMtot = 0.71 dex and ice for the planetesimal material.
The results of the fits are in Fig 2 where the contours of the K-S
test maximal probability indicate that the best fit areas delineated
with the 90% contours, although large, do not ovelap for the two
data sets. It is noticeable that the peaks of these regions are close
to the a priori values of the parameters Mmid and Dc of the two
simulated data sets. Hence, the two disk populations can be dis-
tinguished. The impact of modifying the fixed parameters were
studied with the real data in § 3.
3. Determination of the parameters of the debris
disk population
3.1. Parameter search for the A-star survey of Su et al.
(2006)
A total of 160 A stars with ages between 5 and 850 Myr and
distances between 2.6 and 384 pc was surveyed at 24 and 70 µm
with Spitzer (Su et al. 2006). The star sample was assembled
from different programs and so it is not statistically well de-
fined as already mentionned. In this condition, we have fit the
model to the distribution of the fractional dust luminosities of
the sole 34 stars with detected disks at both 24 µm and 70 µm
and older than 9 Myr. We adopted the fractional dust luminosi-
ties fd of Table 3 (Group I) of Su et al. (2006) that are based on
the observed [24]-[70] color temperature and on the assumption
of black body emission for the dust. Since, fractional dust lumi-
nosity is ∼ 8% overestimated between a blackbody and modified
blackbody emission for A stars, this is irrelevent for our purpose.
We did not retain the additional eight stars with only 70 µm ex-
cesses (Group II in Su et al. (2006)) yielding solely upper limits
for fd.
1 the variable y becomes explicit when the density f (t) is the power-
law rγ between a and b : y = [(bγ+1 − aγ+1)x + aγ+1] 1γ+1
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Fig. 2. Tests of the fitting procedure with simulated data. Top : pa-
rameter search for data simulated with Mmid = 4 M⊕, Dc = 10 km,
R1 = 6.5 AU, R2 = 35 AU. Bottom : parameter search for data simu-
lated with Mmid = 40 M⊕, Dc = 350 km, and R1 and R2 as just men-
tioned. Levels are 99% (red), 90% (dark blue), 75%(light blue), 50%
(green) and 10% (yellow). The two best fit regions delineated by the
90% contour are clearly exclusive when comparing the two plots. Their
peaks are close to the a priori values of Mmid and Dc. The two crossed
circle symbols on each plot indicate the positions of the a priori values
used for Mmid and Dc to simulate the two sets of data.
The ranges of the model parameters tested were : Mmid of
0.1 to 100 M⊕ ; Dc of 1 to 500 km ; R1 of 1 to 50 AU ; R2 of
R1 + 10 AU to 150 AU. The grid was set up with 20 increments
for each parameter. The fixed parameters are the mean planetes-
imal eccentricity e=0.05, the disk width ∆R = R/2, the exponent
of the mean disk radius power law distribution γ = −0.5, the
1σ width of the log-normal distribution of Mtot(0) taken to be
0.71 dex, and ice for the planetesimal material (Q∗
D
). A numeri-
cal search has been carried out in these conditions and the plots
of the significance levels based on the K-S test probability for
each pair of parameters are displayed in Fig 3. These plots indi-
cate that probabilities are equally high over a broad region where
the full ranges of the other two parameters are explored. These
plots are the probability distribution for pairs of parameters after
marginalizing the 4-dimensional probability hypercube against
the other 2 dimensions. (They are not the 2-D projections of the
4-D parameter space for the maximumK-S test probability. Such
projections provide “peaked” plots that are misleading because
they falsely convey the impression that the solution is unique.)
The most probable ranges for the parameters can be deter-
mined in using the 90% significance level in Fig 3. For the me-
dian mass Mmid, the lower and upper limits are 2 M⊕ and 20 M⊕
; for Dc, they are 2 km and 60 km ; for R1, they are 2 AU and
20 AU. For R2, the range is from 30 AU to beyond > 150 AU
in Figs 3, 4. Hence, the upper boundary R2 of the distribu-
tion of mean disk radii is uncertain and can accomodate large
disks as a few have been observed ; for instance the disk around
HD 20712 which has also been modelled with a collisional cas-
cade by Lo¨hne et al. (2012). Based on the values given above for
Dc, the corresponding limits for Q
∗
D
are between 62 J kg−1 and
895 J kg−1 for ice and are between 92 J kg−1 and 2277 J kg−1 for
basalt in using the model of Benz & Asphaug (1999).
The parameters R1 and R2 are blackbody radii because the
fractional dust luminosities used were estimated with this as-
sumption for the grains. Hence, the true disk radii should be
about twice these values in applying the factor Γ = 2 (ratio of
the resolved radius to the blackbody radius) found for the re-
solved A star disks in the Herschel DEBRIS program (Booth
et al. 2013).
The best fit values in the determination of Wyatt et al.
(2007b), based on a fit to the disk detection frequencies binned
in ages and excess strengths, are Mmid = 10 M⊕, Dc = 60 km,
Q∗
D
=300 J/kg (independent parameter in their study), R1 = 3 AU
and R2=120 AU. Additionally, they fit γ = −0.8± 0.6 consistent
with our adopted value of −0.5, and they assumed e = I = 0.05
and 1σ width of 1.14 dex for the log-normal distribution of
Mtot(0). Their solution is within the 75% significance level re-
gion of our fit in Fig 3.
We have changed the fixed parameters of the model to test
whether or not the best fit regions are significantly modified. We
changed the dynamical excitation of the disks e = I (0.05/2,
0.05 × 2, 0.05 × 4), tested narrower disks with ∆R = R/10, shal-
lower and steeper distributions for the mean disk radii R with γ
(0.0,−1.0), modified the 1σ width of the log-normal distribution
of Mtot(0) (σMtot = 0.25, 0.50, 1.14) and the material of planetes-
imals (ice, basalt). The main structure and extent of the signifi-
cance levels in the probability plots of Fig 4 are very similar to
those of our standard model (e = 0.05, dR = R/2, γ = −0.5,
σMtot = 0.71 dex, ice) in Fig 3. The most noticeable differ-
ence occured when changing from wide (∆R = R/2) to narrow
(∆R = R/10) disks. Then, as shown in Fig 4, the best fit region
is shifted upward, so that the lower and upper limits become ∼
1 M⊕ and 60 M⊕ for Mmid and 6 km and 100 km for Dc, respec-
tively. This can be explained with Eq (2) where it is clear that
the collisional timescale tc(0) controlling disk evolution is pro-
portional to ∆R/R×Dc, so narrower disks can be outweighted in
increasing Dc.
Finally, we note that our optimum solution yields a slightly
better K-S test probability (80.7%) than when changing the
fixed parameters to other values. For instance, changing σMtot to
0.25, 0.50 and 1.14 dex makes this probability becomes 77.7%,
78.1%, and 74.1%, respectively. The optimun value σMtot =
0.71 dex is consistent with the mass distribution of the detection
subsample of the protoplaneteray disks in Andrews & Williams
(2005).
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Fig. 3. Best fit regions for the disk population around the A-stars of
the Su et al. (2006) survey. Plots of the significance levels of the
Kolmogorov-Smirnov test for the adjusted parameters Mmid, Dc, R1 and
R2 of the model. The adopted values are e = I = 0.05, dR = R/2,
γ = −0.5, σMtot = 0.71 dex and ice for the planetesimal material. Levels
are 99% (red), 90% (dark blue), 75%(light blue), 50% (green) and 10%
(yellow) of the peak K-S test probability (80.7%). The Mmid and Dc are
on a log scale while R1 and R2 are on linear scale.
3.2. Parameter search for the solar type star survey of Trilling
et al. (2008)
Nearly 200 solar type stars (FGK) with ages between 290 Myr
and 11.75 Gyr and distances between 4.7 and 148 pc were sur-
Fig. 4. Best fit regions for the sample of A-stars with a model assuming
narrow disks ; width is dR = R/10 while it is dR = R/2 in Fig 3. The
peak K-S test probability is 77.6% in this new fit. See legend of this
figure for more details. Compare the 90% lower and upper limits for
Mmid and Dc relative to Fig 3.
veyed at 24 and 70 µm with Spitzer (Trilling et al. 2008). The
sample was assembled from different programs. For the same
reason as for the A star sample, we fit the model to the distribu-
tion of the fractional dust luminosities of the sole 28 stars with
detected disks. The fractional dust luminosities of this subsam-
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ple are taken from Tables 5 and 6 of Trilling et al. (2008). They
are estimated from the [24]-[70] color temperature when ex-
cesses were measured at both bands (six disks). However, most
excesses were detected at only 70 µm and so these authors set
the 24 µm “excess” to be equal to three times the uncertainty
at 24 µm and find the blackbody emission that best fit this ex-
cess and the 70 µm excess. Such a temperature is the maximum
temperature for the excess yielding the maximum fractional dust
luminosities that are consistent with the data.
The ranges of the parameters tested and the values adopted
for the fixed parameters are the same as for the A-stars in §3.1.
In a similar way, Fig 5 shows also regions of maximum K-S
test probabilities marginalized (not 2-D projections of the 4-D
parameter space). Regions of highest K-S test probability shown
by the 90% significance level in this figure are wider than for the
A stars.
The FGK subsample is both less numerous and the fractional
dust luminosities are mostly the maximum values from excesses
detected at the single wavelength λ = 70 µm. This is a limi-
tation for the analysis and is likely responsible for a somewhat
degraded fit of this subsample compared to the A stars in the
previous section. The 90% significance level in Fig 5 yields only
a lower limit of 0.8 M⊕ for Mmid and lower and upper limits of
2 km and 60 km for Dc in assuming ice for the material compo-
sition. The parameters R1 and R2 are not well determined.
The best fit values in the determination of Kains et al. (2011),
based on a fit to the disk detection frequencies binned in ages
and excess strengths of FGK stars, are Mmid = 4 M⊕, Dc =
450 km, Q∗
D
=3700 J/kg (independent parameter in their study),
R1 = 1 AU and R2=160 AU. Additionally they fit γ = −0.60 ±
0.35 and this is consistent with our adopted value of −0.5, and
they assumed e = I = 0.05 and a 1σwidth of 0.8 dex for the log-
normal distribution of Mtot(0). This solution is within the 50%
significance level region in our Fig 5.
In a similar way to A stars as discussed in the previous sec-
tion, we have changed the fixed parameters of the model to test
whether or not the best fit regions are significantly modified. No
significant change is seen in the extent or shape of the highest
K-S test probability regions in this case.
3.3. Comparison
The best fit regions for the six pairs of parameters of the disk
population model have been displayed and quantified with iso-
probability coutours of the K-S test. These regions are overlap-
ping between the A- and FGK-type stars, indicating that there
are best fit values that are compatible with both Spitzer samples.
The fit values found in previous studies for the A stars (Wyatt
et al. 2007b) and for the FGK stars (Kains et al. 2011) differ sig-
nificantly between themselves and may possibly be considered
as inconsistent. However, as it is apparent in Figs 3 and 5, they
are specific solutions amongs an ensemble. The best fit values
of Wyatt et al. (2007b) are within the 75% significance level,
and those of Kains et al. (2011) are within the 50% significance
level.
4. Steady state collisional evolution of debris disks
around M-dwarfs
Prior to Herschel, two searches for cold debris disks around M-
dwarfs have been conducted in the far infrared and at longer
wavelengths. With Spitzer, Gautier et al. (2007) observed 41 M-
Fig. 5. Best fit for the FGK-stars of the Trilling et al. (2008) survey.
Plots of the significance levels of the K-S test for the adjusted pa-
rameters Mmid, Dc, R1 and R2 of the model. The adopted values are
e = I = 0.05, dR = R/2, γ = −0.5, σMtot = 0.71 dex and ice for the
planetesimal material. Levels are 99% (red), 90% (dark blue), 75%(light
blue), 50% (green) and 10% (yellow) of the peak K-S test probability
(87.1%). The Mmid and Dc are on a log scale while R1 and R2 are on
linear scale.
dwarfs at 70 µm with a 1σ sensitivity level of ∼ 3 mJy. Their
sample is made of the nearest stars at less than 5 pc, of spectral
types comprised between M0 and M6.5, and likely older than
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1Gyr. With the IRAM30m and JCMT radiotelescopes, Lestrade
et al. (2006, 2009) observed 50 M-dwarfs at λ = 850 µm and
1.2 mm with a 1σ sensitivity of 1-3 mJy. Half of this sample
is made of nearby stars at less than 7.7 pc and likely older than
1 Gyr. The others are members of moving groups of known ages
less than 600 Myr but farther away at less than 24 pc.
We have investigated whether or not the lack of detected de-
bris disks around these M-dwarfs is consistent with the steady
state collisional evolution fit to the A and FGK data in the pre-
vious section. We remind that this fit is based on the assump-
tion that the disk mass distribution is bimodal ; all detections are
high mass collisionally dominated disks while non-detections
are low mass P-R dominated disks ignored in our fit. Thus, in
our analysis of the sample of M-stars now, and in addition to
Dmin = 0.1 µm for these low luminosity stars, we make the hy-
pothesis that all of them are surrounded by collisionally domi-
nated disks to test whether or not, even in these favorable condi-
tions, they should be detected in these surveys.
We have computed the flux densities of a population of disks
evolved with this model for the M-dwarfs of these surveys and
compare to their 3σ sensitivity limits. The flux density of their
optically thin dust emission integrated over the radial distribu-
tion of the grains is :
S ν = 2.5 10
11 × f
−4
T
× A(t) × (α + 2)
d2 × (rα+2out − rα+2in )
N∑
i=1
Bν(T (ri)) × rα+1i ∆r, (9)
where S ν is in mJy, the distance d to the star is in pc, the emit-
ting surface A(t) of the disk is in AU2. The radial distance ri
ranges from the inner radius rin to the outer radius rout and is in
AU, as the increment ∆r. The radial profile of the emitting cross-
sectional area of the grains per unit area of the disk surface is a
power law with the standard index α as already described for
the fractional dust luminosity of Eq (7). The Planck function
Bν depends on the dust temperature T (ri) at radial distance ri.
Several studies have shown that this temperature is higher than
the black body temperature TBB(ri) when fitting simultaneously
SED and images of resolved debris disks ; this is due to inef-
ficient long wavelength emission of small grains that become
hotter than blackbodies (e.g. Lebreton et al. 2012). A simplified
model to account for these properties is T (ri) = fT × TBB(ri)
where TBB(ri) = 278 × L0.25∗ r−0.5i (L∗ in L⊙ and ri in AU). The
factor fT is related to the grain emission efficiency Q < 1 in
a simple first-order physical interpretation. This factor has been
determined only in a few cases ; fT = 3.5
+0.5
−1.0 for the M3 star
GJ581 (Lestrade et al. 2012), fT = 1.9 for the G star 61 Vir
(Wyatt et al. 2012), and fT = 1.4 for A stars (Bonsor & Wyatt
2010; Booth et al. 2013). This trend might be an indication that
fT depends on stellar spectral type (higher fT for later type) al-
though it is still a tentative conjecture owing to the limited obser-
vations. Note that the effect of fT > 1 in Eq (9) is double edge ;
it makes the Planck function peaks toward shorter wavelengths
but at the same times the factor f −4
T
damps the flux density. The
overall effect for M-dwarfs with fT = 3.5 is a significant boost
of flux densities relative to the black body case. We tested both
fT = 1 and fT = 3.5 in this study.
From the best fit region of the A star disk population in Fig 3,
we adopt the smallest best fit value for Dc, 2 km, the corre-
sponding median mass, Mmid = 15 M⊕, and the lower limits,
R1 = 2 AU and R2 = 30 AU, for the power law of the mean
disk radii R. These parameters make the collisional timescale
tc(0) the shortest (Eq 2) ; a belt is eroded the fastest and its mass
Mtot(tage) is the lowest at the age of the star within the model.
Therefore the flux densities are the lowest (Eqs 5, 9) as hinted
by the observations.
Hence, we use the set of parameters : Mmid = 15 M⊕,
Dc =2 km, R1 = 2 AU, and R2 = 30 AU, to simulate total
masses Mtot(tage) of the disk population, and so emitting surfaces
A(tage) to compute the flux densities at λ = 70 µmwith Eq (9) for
the stars of Gautier et al. (2007). Their distances are known and
their ages, undetermined but likely greater than 1 Gyr, were cho-
sen randomly between 1 and 10 Gyr. In using the 3σ detection
limit of the survey (9 mJy), the disk detection frequencies found
with these simulations, 8± 5% ( fT = 1) and 27± 8% ( fT = 3.5),
are higher than what is observed in the survey. We remind that
these significant detection frequencies have been calculated un-
der the premises that all M-stars of the sample were surrounded
with collisionally dominated disks and had no significant stellar
wind.
With these favorable premises, it is worth exploring what pa-
rameter of the model would make the disk detection frequency
vanish to conform to the observations, i.e. all simulated flux den-
sities are at the 3σ level (9 mJy) or below. With Eqs (1), (2), (5),
it is clear that shorter collisional timescales tc(0) make smaller
emitting surfaces A(tage) when disks are evolved and so smaller
flux densities. There are two ways to decrease tc(0). The first
one is make smaller the mean disk radii R and so smaller the
limits R1 and R2 – a disk more compact and of the same mass
erodes faster. The second one is to make Dc smaller – the largest
planetesimals are taken less large. We did not consider Mmid for
this purpose because the stellar ages adopted (> 1 Gyr) for the
sample are greater than the collisional timescales tc(0) in our
simulations and the fractional dust luminosity is independent of
the initial disk mass in this condition (Wyatt et al. 2007a).
First, we simulated a disk population with Mmid, R1 and R2
set as above (15 M⊕, 2 AU, and 30 AU) and found that Dc had
to be decreased to 0.5 km ( fT = 1) or to 0.2 km ( fT = 3.5) to
make the disk detection frequency just vanish as defined above.
Second, we simulated a disk population with Mmid and Dc un-
changed (15 M⊕ and 2 km), and found that R1 and R2 had to be
decreased to 2 AU and 12 AU, respectively, to make the detec-
tion frequency vanish. Hence, the model parameters can be rea-
sonably modified to simulate no debris disks detectable around
M-dwarfs in the Gautier et al. (2007) survey. From this model,
we conclude that disks around M-dwarfs, if they are all colli-
sionally dominated, must be as compact as ∼ 10 AU in radii, or
be made of planetesimals <1 km in size, i.e. smaller than around
A or solar type stars to conform to the lack of detections in the
observations.
The outer radius of the belt of planetesimals of AU Mic is
35 AU in the model of Augereau & Beust (2006) and the inner
radius of the belt of GJ 581 is 25±12 AU in the model of Lestrade
et al. (2012). These estimations are barely consistent with disks
as compact as 10 AU required to make detection frequency van-
ish as simulated. Therefore, this option is not favored. Rather,
the lack of disk found in the survey of Gautier et al. (2007),
if they are all collisionally dominated, indicates that planetesi-
mals around M-dwarfs are smaller than 1 km, or, in other words,
smaller than planetesimals around A or FGK stars according to
our study.
We treated the submillimeter survey of Lestrade et al. (2006,
2009) the same way after complementing the emission model
with the factor (210µm/λ)β and β = 1 to account for the mod-
ified black body law with the longer observing wavelengths
λ = 1200 µm and 850 µm of the survey. The 3σ sensitivity
threshold is 3-9 mJy for this survey. The optimum model param-
eters (Mmid = 15 M⊕, Dc = 2 km, R1 = 2 AU and R1 = 30 AU)
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used above make the detection frequency vanishing for fT = 3.5
but to be as high as 21 ± 7% for fT = 1.0. This latter disk fre-
quency might be surprising at first but it is because of the com-
bination of the damping factor f −4
T
of Eq (9) and displacement
of the Planck function. This relatively high detection frequency
for fT = 1 vanishes when Dc is changed to 0.2 km or if the
boundaries of the mean disk radii R1 and R2 are changed to 2
and 11 AU, respectively. However, the most likely value of the
temperature factor is fT = 3.5 for the M-dwarfs in the submil-
limeter survey and our simulation yields no disk detection in this
case as observed. Also, we stress that the aggregate of 31 near-
est M-dwarfs and 19 relatively young M-dwarfs (20-200 Myr)
makes the submillimeter survey not statistically as well deter-
mined as the far infrared survey for which stellar ages are most
likely > 1 Gyr for a firm conclusion under the hypotheses of
our analysis though. For instance, the youngest M-dwarfs might
have significant stellar winds that blow out small particles so that
their emitting surfaces are actually smaller than simulated and no
adjustement of parameters Dc or R1 and R2 would be required
for no detection of disk.
5. Discussion
We have fit the collisional steady state evolution model of Wyatt
et al. (2007a) to the fractional dust luminosity distributions of the
debris disks detected around A stars and FGK stars with Spitzer.
Our approach is based on the fit of the population of high mass
collisionally dominated disks currently detectable and it postu-
lates that the non detections form a distinct population of low
mass disks that we dont not consider in this study. The statistical
result must be apprehended in this framework.
The four independent parameters Mmid,Dc,R1 and R2, mod-
elling the disk population, are adjusted (the catastrophic destruc-
tion threshold Q∗
D
is modelled as a function of the planetesimal
diameter Dc in our study). The model satisfactorily fits the ob-
servations with our procedure relying on the K-S test. The two
resulting best fit regions in Figs 3 and 5 for the samples of disks
around A stars and FGK stars are overlapping. These broad re-
gions also include the previous best fit values found for the disks
of the same samples of A-stars by Wyatt et al. (2007b) and of
FGK stars by Kains et al. (2011) who have applied a different
approach for the fit. The model includes a number of fixed val-
ues for the parameters σMtot , ∆R/R, e = I, γ and α but their
impacts on the best fit regions are minor.
5.1. Comparison between the Kuiper belt and the debris
disks around A and FGK stars
The best fit values for the largest planetesimals of diameter Dc
range from 2 km to 60 km, consistently for disks around both
A- and FGK-type stars in Figs 3 and 5, for our standard so-
lution of broad disks (width ∆R = R/2). This range extends
from 6 km to 100 km for narrow disks (∆R = R/10) in Fig 4.
It is remarkable that the size of the largest bodies of the colli-
sional cascade in our modelled disk population is close to the
break found at around 30 km in the Kuiper Belt Objects size
distribution (Fraser & Kavelaars 2009; Schlichting et al. 2009;
Fuentes et al. 2010). This break is usually attributed to erosion
of planetesimals caused by collisional evolution of bodies with
size < 30 km over the age of the solar systemwhile larger objects
are primordial, i.e. not yet colliding (Schlichting et al. 2013). In
the surveys used in our study, the mean age is 250 Myr for the
A stars (about 1/3 of the lifetime for this stellar type) and is 4.3
Gyr for the FGK stars, i.e. close the Sun age at about half of its
lifetime. Although the Kuiper belt is presently a P-R dominated
debris disk, it is thought that its mass was originally much higher
than ∼ 0.1 M⊕ today after a catastrophic event occured such
as the Late Heavy Bombardment about 700 Myr after the birth
of the Sun (Gomes et al. 2005; Morbidelli et al. 2005; Tsiganis
et al. 2005). Hence, the break at 30 km seen today is a scar of
the past high collisional activity of the Kuiper Belt. We have
found a new similarity between cold debris disks and the Kuiper
Belt which might be rooted in their common formation and evo-
lution mechanisms. It has been shown that the large KBO size
distribution can be well matched by planet formation models of
runaway growth where only a small fraction of the total mass
is converted into large protoplanets and most of the initial mass
remains in planetesimals that are 1-10 km rather than > 100 km
in radius (e.g. Kenyon & Luu 1999; Kenyon & Bromley 2004;
Schlichting & Sari 2011; Kenyon & Bromley 2012). A caveat is
that all disks have the same Dc in our model and this is one of
the limitations of our study.
The best fit value for the median initial mass of debris disks
around solar type stars is > 0.8 M⊕ in our study and, hence, is
about ten times larger than for the present Kuiper Belt (Gladman
et al. 2001). Consistently, Bryden et al. (2006) conclude that
cold debris disks detected around FGK stars have a median frac-
tional dust luminosity about 10 times larger than the current so-
lar value. These authors fit a theoretical Gaussian distribution in
logarithmic space to the observed distribution of fractional dust
luminosity frequencies in varying its median and standard devi-
ation.
5.2. On the planetesimals of debris disks around M-dwarfs
within the framework of our study
The steady state collisional model fit to the data of disks around
A and FGK stars has been applied to the M-star samples in as-
suming that all their potential disks are collisionally dominated
to satisfy our premise and that small grains are not blown out by
a stellar wind. We have shown that in these conditions the lack
of detection of debris disks around M-dwarfs in the large sample
observed in far-infrared with Spitzer is consistent with the steady
state collisional model if the parameters found for the disk pop-
ulation around the A and FGK stars are modified. Specificly, we
found that the diameter Dc of the largest colliding planetesimals
must be at least 10 times smaller.
Formation of planetesimals from dust particles in proto-
planetary disks is not well undertstood yet (Blum & Wurm
2008). From the coagulation formation theory, it is known
that a growth-fragmentation cycle continually regenerates dust
by fragmentation of grown-up bodies (Dominik & Dullemond
2008; Brauer et al. 2008; Birnstiel et al. 2012). Attempt to simu-
late the formation of planetesimals around low mass stars would
be profitable in confronting with the conclusion of our study that
the largest colliding planetesimals around M-dwarfs are at least
10 times smaller than those around solar type or intermediate
stars.
6. Conclusion
We have reinterpreted the data of the Spitzer surveys conducted
to search for cold debris disks around A and FGK-type stars in
fitting the steady state collisional evolution model of Wyatt et al.
(2007a). Unlike previous studies, our procedure is based on fit-
ting the shape of the distribution of the fractional dust luminosi-
ties of the detected disks only. The non detections are consid-
ered as arising from a distinct population of low mass disks in
9
Etienne Morey and Jean-Franc¸ois Lestrade: Steady-state collisional evolution of debris disks around M-dwarfs
the framework of our study. The resulting ranges for the four pa-
rameters Mmid, Dc, R1 and R2 of the model are broad but they
overlap between the two samples of stars (A and FGK). They in-
clude to some degree the best fit values of the previous studies by
Wyatt et al. (2007b), which are within the 75% significance level
for disks around A-stars, and by Kains et al. (2011), which are
within the 50% significance level for disks around FGK-stars.
We have applied this collisional evolution model to potential
debris disks around M-dwarfs that have been elusive in the main
pre-Herschel surveys conducted in the far-infrared by Gautier
et al. (2007) and in the submillimeter domain by Lestrade et al.
(2006, 2009). For this application, we make the hypotheses that
all M-stars have the same population of collisionally dominated
disks as A and FGK stars and that small grains are not blown
out by a stellar wind. With these favorable premises, we have
shown that the evolution model can be made consistent with the
observed lack of disks around M-dwarfs in the far infrared sur-
vey of Gautier et al. (2007) if the parameter Dc is taken to be
at least ten times smaller than the diameter of the largest collid-
ing planetesimals around A and FGK-type stars. We suggest that
specific theoretical studies of the formation of planetesimals in
the environment of a low mass star be conducted profitably to
confront with this finding.
In a future study, we shall apply our novel technique based on
the K-S test to fit the evolution model to the unbiased Herschel
DEBRIS sample of about 100 stars for each spectral type from
A to M.
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✹✳✶✶ ➱✈♦❧✉t✐♦♥ ❞✬✉♥ ❞✐sq✉❡ ❡♥ ❤❛❧♦✱ ❝♦♥✜❣✉r❛t✐♦♥ ✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶
✺✳✶ ➱✈♦❧✉t✐♦♥ ❞✬✉♥ t❛✉① ❞✬é❥❡❝t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s✱ ❥✉sq✉✬à 108 ❛♥s ✳ ✳ ✳ ✳ ✳ ✳ ✼✹
✺✳✷ ➱✈♦❧✉t✐♦♥ ❞✬✉♥ t❛✉① ❞✬é❥❡❝t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s✱ ❥✉sq✉✬à 5× 108 ❛♥s ✳ ✳ ✳ ✳ ✼✹
✺✳✸ ❉✐❛❣r❛♠♠❡ a✲e ♣♦✉r M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J ❡t epl = ✵✱✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼
✺✳✹ ❉✐❛❣r❛♠♠❡s a✲e ♣♦✉r M∗ = ✶ ▼⊙ ❡t mpl = ✶ ▼J ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼
✺✳✺ ❉✐❛❣r❛♠♠❡s a✲e ♣♦✉r M∗ = ✶ ▼⊙ ❡t epl = ✵✱✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽
✺✳✻ ❉✐❛❣r❛♠♠❡s a✲e ♣♦✉r mpl = ✶ ▼J ❡t epl = ✵✱✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽
✺✳✼ ❍✐st♦❣r❛♠♠❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉①✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ mpl ✳ ✳ ✳ ✳ ✳ ✼✾
✺✳✽ ❊①❝✐t❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✬✉♥ ❞✐sq✉❡ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡
✐♥t❡r♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
✺✳✾ ❈❛rt❡ ❞❡s ✈❡❝t❡✉rs ❡①❝❡♥tr✐❝✐tés ♣♦✉r M∗ = ✶ ▼⊙✱ mpl = ✶ ▼J ❡t epl = ✵✱✷ ✳ ✳ ✳ ✽✶
✺✳✶✵ ❩♦♥❡ ❞❡s r❡♥❝♦♥tr❡s ♣r♦❝❤❡s ❞❛♥s ✉♥ ❞✐❛❣r❛♠♠❡ a✲e ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
✺✳✶✶ P✉r❣❡ ❞✬✉♥ ❞✐sq✉❡ ❞❡ ❞é❜r✐s ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ✐♥t❡r♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
✺✳✶✷ ❱✉❡ ❞❡ ❞❡ss✉s ❞✉ ❞✐sq✉❡✱ ♣♦✉r M∗ = ✵✱✷✺ ▼⊙✱ mpl = ✵✱✷ ▼J ❡t epl = ✵✱✷ ✳ ✳ ✳ ✳ ✽✸
✺✳✶✸ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞✉ ❞✐sq✉❡✱ ♣♦✉r mpl = MSedna ✳ ✳ ✽✻
✺✳✶✹ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞✉ ❞✐sq✉❡✱ ♣♦✉r mpl = MLune ✳ ✳ ✳ ✽✻
✺✳✶✺ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞✉ ❞✐sq✉❡✱ ♣♦✉r mpl = MMars ✳ ✳ ✳ ✽✼
✺✳✶✻ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞✉ ❞✐sq✉❡✱ ♣♦✉r mpl = MTerre ✳ ✳ ✳ ✽✼
✺✳✶✼ ➱✈♦❧✉t✐♦♥ ❞❡ ❧✬❤✐st♦❣r❛♠♠❡ ❞❡s ❡①❝❡♥tr✐❝✐tés ❞✉ ❞✐sq✉❡✱ ♣♦✉r mpl = MNeptune ✳ ✽✽
✺✳✶✽ ❱✉❡ ❞❡ ❞❡ss✉s ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ▼❛rs ✳ ✳ ✳ ✳ ✽✾
✺✳✶✾ ❱✉❡ ❞❡ ❞❡ss✉s ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❧❛ ❚❡rr❡ ✳ ✳ ✳ ✾✵
✺✳✷✵ ❱✉❡ ❞❡ ❞❡ss✉s ❞✉ ❞✐sq✉❡✱ ♣❡rt✉r❜é ♣❛r ✉♥❡ ♣❧❛♥èt❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ◆❡♣t✉♥❡ ✳ ✳ ✳ ✾✶
✺✳✷✶ ❍✐st♦❣r❛♠♠❡s ❞❡s ❡①❝❡♥tr✐❝✐tés ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✷
✺✳✷✷ ❉✐❛❣r❛♠♠❡ a✲i ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸
✺✳✷✸ P♦s✐t✐♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ❝♦♥✜❣✉r❛t✐♦♥ ✶ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹
✺✳✷✹ P♦s✐t✐♦♥s ❞❡s ♣❧❛♥étés✐♠❛✉① ❞✉ ❞✐sq✉❡✱ ❝♦♥✜❣✉r❛t✐♦♥ ✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺
✻✳✶ ❊①❡♠♣❧❡s ❞✬❤✐st♦❣r❛♠♠❡s ❞❡s Mtot(0) ❡t ❞❡s r ❞❡ ❞✐sq✉❡s s✐♠✉❧és ♥✉♠ér✐q✉❡♠❡♥t✶✵✹
✻✳✷ ❉✐str✐❜✉t✐♦♥s ❝✉♠✉❧é❡s ❞❡s ❧✉♠✐♥♦s✐tés ❢r❛❝t✐♦♥♥❛✐r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻
✻✳✸ ❚❡st ❞❡ ❧❛ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t ❛✈❡❝ ❞❡s ❞♦♥♥é❡s s✐♠✉❧é❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼
✻✳✹ ❩♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❞✐sq✉❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s
❆ ❞✉ r❡❧❡✈é ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❛✈❡❝ dr = r/2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾
✻✳✺ ❩♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❞✐sq✉❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s
❆ ❞✉ r❡❧❡✈é ❞❡ ❙✉ ❡t ❛❧✳ ✭✷✵✵✻✮✱ ❛✈❡❝ dr = r/10 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶
✻✳✻ ❩♦♥❡s ❞❡ ♠❡✐❧❧❡✉r ❛❥✉st❡♠❡♥t ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❞✐sq✉❡s ❛✉t♦✉r ❞❡s ét♦✐❧❡s
❋●❑ ❞✉ r❡❧❡✈é ❞❡ ❚r✐❧❧✐♥❣ ❡t ❛❧✳ ✭✷✵✵✽✮✱ ❛✈❡❝ dr = r/2 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✸
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◆❡✇ ❚r✐❣♦♥♦♠❡tr✐❝ ❉✐st❛♥❝❡✱ ▼❡t❛❧❧✐❝✐t②✱ ❛♥❞ ❯♣♣❡r ▲✐♠✐t t♦ t❤❡ ▼❛ss ♦❢ ●❏ ✸✶✼❜✳ ❆♣❏✱
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